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Abstract
Rex E. Jeffries: An NMR-compatible Bioatrtificial Liver for Metabolic Investigation of

Drug Action
(Under the direction of Jeffrey M. Macdonald, Ph.D.)

NMR-compatible bioartificial liver (BAL) studies have been performed fatythi
years and still have not been maintained beyond 8hrs. This doctoral work describes the
engineering efforts in creating a long-term NMR-compatible BAL. Fgauweral types of
BALs have been reported: suspension, microcarrier, membrane, and entrap@sotsRe
and efforts toward establishing a fluidized-bed entrapment bioreactor, whintams
hepatocytes entrapped in alginate for 30 hrs, and likely for long-term, aréoddsThe
electrostatically-encapsulated cells generate 1.5 mis ofitsOfiameter spherical
encapsulates, containing about 10,000 cells each, in abou 5 minutes. These encapsultates
containing entrapped cells are then incolulated into a 10 mm glass NMR tube and are
percholate in the bottom of the glass tube forming the fluidized-bed.

To demonstrate the power of the NMR-compatible BAL in toxicity studies using in
vivo 31P and 13C NMR spectroscopy, a rat hepatoma cell line, JM1, was used. The
encapsulated cells were maintained overnite (16hrs) with 3-13C-cysteinel8C-glucose
replaced in the perfused media, and production rates for glutathione, the bodgig/prim
antioxidant, and lactate, an anaerobic glycolytic end-product common in cancer, were
determined. The next day (16-20 hrs) when [3-13C-cysteinyl]glutathione W8€& asotopic

steady-state and the JML1 cells were at metabolic steady-seaé&dfdtts of two doses of



bromobimane, a glutathione depleting agent, and three different doses of
acetaminophen on the in vivo 31P and 13C NMR spectra were determined. The application
of this time series data to toxicodyanamics and toxicokintetics is dextusghis is the first
study demonstrating with 1 minute temporal resolution, the non-steadyesthatame
toxicokinetics of glutathione.

Once the NMR-compatible BAL was demonstrated with a relatively easyckler
type to culture, a cell line (i.e., IM1), the fluidized-bed bioreactor was astadlwith
primary rat hepatocytes. Liver is exquisitely sensitive to oxygen tenstraages from 8%
to 3% across its capillary-bed, yet all previous NMR-compatible BAL stutige all
gasified the perfusion media with 95% oxygen. Therefore, the effect of fourroxyge
concentrations (20%, 35%, 55%, and 95%) on viability was monitored by in vivo 31P NMR.
Only the 35% and 55% oxygen treatments maintained hepatocytes viability for 28rwburs a
likely beyond with no change in 3-nucleotide triphosphate levels. Analysis of the in vivo 13C
NMR data for the 55% oxygen treatment revealed synthetic rates fdelaothglutathione
demonstrating differentiated functions were present and quantifying theofunthiis is the
first demonstration of any primary hepatocyte culture being beyond 8 hrs in a NMR-

compatible BAL.
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1 Introduction
1.1 InVivo Nuclear Magnetic Resonance (NMR) Spectr oscopy

Nuclear magnetic resonance (NMR) is a physical phenomenon first describetixoy
Bloch and Edward Mills Purcell in 1946. They shared the 1952 Nobel Prize for physics for
their discovery. NMR is used as a spectroscopy technique to obtain physical,athanac
electronic information about molecules. NMR is also the technology on which kagne
Resonance Imaging (MRI) is based. NMR spectroscopy is based on the mpgypsities
of nuclei. Therefore it is feasible on any nucleus possessing a magnetwniadihen
placed in a strong, external magnetic field, the nuclei can be observed bgahgtian and
emission of electromagnetic radiation in the range of radiofrequenciesgaHerz. This
induced energy difference between nuclear spins states, known as Zeemarsleggys, i
small when compared with other forms of spectroscopy or imaging, and tledkfiiR is a
relatively insensitive technique. However, this minimal perturbation of spinsasmakes
NMR ideal forin vivo measurements because it is noninvasive and nondestructive, unlike
mass spectrometry (MS) or computer tomography (CT).

Forin vivo applications the most common and informative nuclei metabolically are
proton {H), carbon-13¢C), phosphorus’tP) and sodium?{Na). Even though the number
of relevant nuclei is limited a large number of metabolites can be detectdthagously.

'H NMR and magnetic resonance spectroscopic imaging (MRSI) allowstéwide of a
number of important metabolites associates with physiological funsticim as,

neurotransmitters in brain (1and biomarkers of cancer from the end product of glycolysis,



lactate, or lipid intermediates for membrane synthesis (2). Energetiogibytant
metabolites, intracellular and extracellular pH, magnesium condenteatd reaction fluxes
can be observed withP NMR (3,4). Likewise®*C NMR enables the noninvasive
investigation of important metabolic pathways, like the tricarboxylic aateqyf CA), in
Vivo.

The Larmor equation can be used to determine the amount of energy needed for a give
nucleus to resonate. The equation describes the relationship between the stittegth of
magnetic field, B, and the precessional (Larmor) frequenay,

wo =yBo Eqg.1
The gyromagnetic ratig, is the ratio of the magnetic moment to the angular momentum of a
particle, and is constant for a given nuclei. For exantpldasy = 4, 258Hz/G, or 26.751
(x10’rad/(T x s) and is used as a reference for all other nuclei, and is set torélafikie
sensitivity of other nuclei can be determined by comparing their regpectind the natural
abundance of the isotope of interest. The absolute sensitivities derived framagyetic
ratios and natural abundance'df *'P,**Na, and*Care 1, 0.0925, 0.063, and, 0.000176,
respectively, but only’C is not 100% naturally abundant, it 1.1% naturally abundant,
whereas’C is 98.9% abundant (http://www.pascal-man.com/periodic-
table/periodictable.html). If 13C were 100% fractionally enriched or abundi&ace!, *'P,

3¢, and®Na its relative sensitivity would be 0.0159.

1.1.1 Proton NMR (*H)
Invivo *H NMR is a powerful technique to observe, identify, and quantify a large
number of biologically important biochemicals in intact tissue since neabjoahemicals

contain protons. Besides the low-abundance hydrogen isotope tritium, the proton nucleus is



the most sensitive nucleus for NMR both in terms of high natural abundance (>99%) and
intrinsic NMR sensitivity (high gyromagnetic ratio). However, the apiin of'H NMR to
intact tissuen vivo is challenging for the following reasons:

1. The water resonance (~55 M) is several orders of magnitude largehthiw

concentration metabolites (~0.01 M) thereby making it difficult to deteot.the

2. Large lipid signals can overwhelm small metabolite signals.

3. Heterogeneous magnetic field will significantly decrease thdrgpeesolution.
These challenges must be addressed with water suppression and spatiatimcali
techniques as well as methods to optimize the magnetic field homogeneity. laraddédi
chemical shift range is only 8 ppm for nonexchangeable protons thereby makffigult do
separate and quantify a large number of overlapping metabolites. Hence | spoiatica
techniques must be utilized to separate metabolites and spectral prooestsiods such as,
baseline correction, phase/frequency adjustment, line shape correctionicinal kgater
removal are required for quantification’tf NMR spectra.

For NMR-compatible bioartificial liver (BAL) experiments, there is ordgort
published using suspended hepatocytes with no perfusion, and investigated the effect of
acetaminophen. The cells quickly became hypoxic as indicated by large pesztkgeand no
visible antioxidants, such as glutathione (3). NMR is mainly utilized to analyze the media
and cell extracts in order to quantify various metabolites of interest, sualcasellactate
and alanineFigure 1.1 shows a typicalH NMR spectrum acquired from the BAL perfusion
media during an experiment using primary rat hepatocytes. Some of the nmaapea
labeled. The large peak at O ppm is a chemical shift and concentration reference,

trimethylsilyl[2,2’,3,3" deutero]propionic acid (TSP), added to the samples.iRelat



abundance of aromatic Gppm) and aliphatic -6 ppm) compounds can quickly

determined from the spectrury comparison of peak areawided by the number protot

represated by the respecti (6).

|
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Figure 1-1 Proton NMR spectrum of BAL perfusion media

1.1.2 Phosphorus-31 NMR (*'P)

The 1D*'P NMR experiment is much less sensitive t*H but more sensitive the
13C. 31P is a medium sensitly nucleus that yields sharp lines and has a whEnical shif
range.The relatively high sensitivity of phosphorus NMé& (7% of protons) along with
100% natural abundance enables the acquisitiorgh-quality spectra within minuteThe
chemical shift dispersion i®lativelythanH - about 30 ppm for the importain vivo
resonances. THEP MR spectrum contains viability information by nitoring -NTP over

time (7) which is approximately 80% adenine triphosphafER) in liver (8). *'P NMR is



very useful in bioenergetidsecause it is capable of detecting all metaboaiitesived in
energy metabolism, such as adenosine triphospAd@)( inorganic phosphate (| and the
sugar phosphatebut also the phospholipid intermediates, phosphbay@amine (PE),
phosphorylcholine (PC), glycerophosphethanolam@ieK), and glycerolphosphocholi
(GPC).A representative in viv**P NMR spectrum of alginate encapsulerat hepatoma

cells (JM1) is shown ifigure 1.2.

Pi

PE & PC

GFE & GPC

Sugar Pi

"2 10 8 8 4 2 0 =2 4 B 8 -0 -12 -14 -16 -18

Figure 1-2 Representativé’P spectrum of JM1 cells after 9 hours in the N
compatible bioreactc

1.1.2.1 Intracelular pH

Physiological parameters like intracellular pH aowic (e.g. magnesium) streng
have a direct effect on the exact chemical shifitpm of almost all resonances. Moon ¢
Richards (9) usetfP NMR on intact red blood cells and showed howitracellular pH
can be determined from chemical shiffterencesThe resonance of inorganic phospr
(Pi) is most commonly used because 1second exchangeable protonp#ia,, is in the

physiological range (pk. = 6.77), 2) it is readily observed in most tisswes] 3) its



chemical shift has a large tendence on pHHence, pH can be described by a modi

HendersorHasselbach relationship:

pH = pKa + 109 ((5 —81a) / (54 —3)) Eq. 1.1

wheres is the observed chemical shida andéya are the chemical shifts of the unprotone
andprotonated forms of compound A anda the logarithm of the equilibrium constant
the acid-basequilibrium between HA and . Figure 1.3 shows a 31P NMR spectrum of
MCF-7 breast cancer cell line. The plusually determined frorthe chemical shit
between phosphocreatine (PCr) and Pi. HoweverjP&@mpletely absent *'P NMR
spectra of livesince creatine kinase is rexpressed (10), therefore theNTP resonance

used as an internal chemical shift referel-7.50 ppm).

T — v Y A
0 -5 -10 -15 -20

'SP

Figure 1-3 Intracellular pH as determined by the chemical tshétween Pi an
reference resonance.



1.1.3 Carbon-13NMR (*C)

Since almost all metabolically relevant compounds contain caH®MNMR is in
principle able to detect many metabolites, thus offering complementary atfomto that
obtained with*H/*'P NMR. Although 1H and 31P NMR have been successfully utilized in
numerous in vivo studies, they are still limited in th&tNMR is hindered by the small
chemical shift range arfdP NMR originates from only a small number of low molecular
weight compounds**C NMR has a large spectral range (>200 ppm), narrow line widths and
a relative low sensitivity, due to its 1.1% natural abundance and low gyromagutietic
(y13dfyin) = 0.251, resulting in a absolute sensitivity of 0.000176, as described above. The
low sensitivity can, however, be overcome by polarization transfer, averagneasing
number of nuclei by fractional enrichment thereby resulting in resonancesxastieat
spectral resolution and biochemical information.

In fact, the power of'C NMR lies in its low natural abundance, where is unique in
that™*C-labeled precursors allow for the detection of metabolic fluxes. Forp&ain
animals and humans carbohydrate reserves are mainly stored as glycofgen, itlis very
abundant in muscle and liver, reaching concentrations up to 30-100 mifnanédg.00-500
mmol kg*, respectively (11)A representativé’C NMR spectrum (nt=384) of encapsulated
primary rat hepatocytes is shownHRigure 1.4. The spectrum illustrates glycogen synthesis

resulting from U-13C-glucose consumption during hours 1-12 of infusion.
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Figure 1-4 13C glucose labeling of primary rat hepatocytesNRIR-compatible
bioreactor. (Blue spectra) Taken every hour follogvinitial infusion of 1-13C-glucose
over 5 hours. (Red spe) Cumulative spectra of 8 hours (timel8-hours) of 1-13C-
glucose.

1.2 Metabolomics

Metabolites are defined as low molecular weight pounds that are not genetice
encoded but are produced and modified by cellsuadgven set of physiological conditio
(12-15). The wordnetabolome has been coined to designate the entire ensem
metabolites present in and derived from a giveindj\organisn(12). Metabolomics utilize
several method® quantify cell metabolites irrder to determine how metabol
interactions and levels influence phenotyjAlthough these methods have been in use ¢
the early days of biochemistry, only recently hattempts been made at detecting chai
by simultaneously analyzing large nurrs of metabolites, mostly by methods based on |

spectrometry (MS) and nuclear magnetic resonanb#R)N16). Due to its integrate



measurement of cellular phenotype, metabolomics is highly suited to quamttadlysis
and description. It is considered to be more discriminatory than transcriptmmics
proteomics because it is downstream, therefore changes in the metabolomglifisxlam
relative to changes in the transcriptome or proteome. This results in a miyre eas
measureable change even when changes in metabolic fluxes are neg)ible (17
Currently, metabolomics is a hypothesis generation strategy, assiiengad
knowledge of expected metabolic differences (15). Typically, metabolicipgoid used to
detect a wide range of metabolites covering a number of different metalasies to
provide as large an overview of metabolism as achievable. After a well-ddgigperiment
is performed, the data is interrogated to define metabolic differenceveth$£8,19). The
intracellular metabolome (endometabolome) and extracellular metabaaoradtabolome
or ‘metabolic footprint’ (20,21)) can be studied, giving clues to metabolic pathwdized
within the cell and the effects cells may be having on their environment througbectle

products (22,23).

1.2.1 Analysisof Footprint (or media)

It is important to differentiate between intracellular and extracelinitabolites
because they can play different roles. Assessment of the intra-ceikti@bolome requires
technically demanding processes including: metabolic quenching, celhihgimetabolite
extraction. An alternative method is to study the extra-cellular metabaldmeé is easier to
sample and analyse, and allows high-throughput investigations. This approachsusestti
cell culture in a metabolite-complex medium, allowing the intra-celluldaibadism to be

investigated by analysis of the extra-cellular metabolome — an approaet tenetabolic



footprinting’ (15). Metabolic footprinting as described relies not on the measuatef
intracellular metabolites but on the monitoring of metabolites consumed from,catkde
into, the growth medium. To maximize the excretion of metabolites ‘overflowdloésm is
stimulated by adding to the fully defined medium various carbon compounds that ‘probe’
metabolically active networks in the same way that an engineer mightgmadectrical
circuit (24).

In an extracellular environment, any changes in the level of extracetielabolites
will directly reflect any modification of the environment caused by aws/f the cells
present in the system. For example, nutrients will be consumed and manylleldrace
metabolites are formed as byproducts from the activity of metabolidia.fide-tune their
metabolism according to the environment to maximally exploit natural resollegabolic
footprinting represents the effect of a particular cellular metabalisthe environment,
leading to a direct and mutual relationship between the set and level of kxaace
metabolites and the intracellular metabolism. The release of metatibteare part of the
central carbon metabolism (e.g. acetate and lactate) allows theogabgntain biochemical
balance, thereby assuring the optimal operation of the metabolism. Furtheghmgreesence
of metabolites that are not expected to be secreted or excreted by.gells (e
phosphoenolpyruvate, pyruvate,..) can be used as a marker of cellular lysisy there
providing information about particular growth conditions, such as pH and osmolarity, tha
might indicate cellular stress (25).

The main program to which metabolic footprinting data will contribute strongheis t
generation and testing of mathematical models of cell behavior, whoseawieglevith

‘wet’ experiments is the hallmark of systems biology (26,27). Thereforasunement of the
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metabolic footprint before, or as well as, measurement of the intracellulard@i) e
metabolome can provide a useful set of constraints for metabolic modelsisgarc
parameter space to optimize a metabolic model that can reproduce experintansal da
difficult (28). However, once the model can reproduce the exometabolome aggumatey
of the parameters will be sufficiently well determined to provide goodrsgjgrbints for the
fine-tuning with which they can also reproduce the endometabolome, first dg state
‘snapshots’ (29) and then as time series.

NMR analysis of media has determined that the TSP used as a concentratiantcalibr
will bind to the proteins in the serum added to the media, but as long as appropriate pulse
sequences and serum concentrations are less than 10%, as in this study, enetabolit
concentrations can be quantified (Seagle et al., 2008). In addition, the biefiver
permits the biosystem boundaries to be clearly defined and biochemical input ca be
controlled, thereby a mass balance can be easily obtain as compared to a géméenor

Effectively, metabolic footprinting is what the classic metabo(n)omicesuth when
the urine is analyzed, wherein the effects of toxins on target organ areiedicloyif
classifications by principle components analysis for correlating of uregtabulites to organ
toxicity (30). Also, TCA intermediates in urine could come from just about aggnoso
when differences in the levels of TCA intermediates were mutant mice vieeswdd type
(31), it is difficult to correlate that to an organ or metabolic mechanism. The prabthat
this is an indirect measure of what one would like to measure — the metabolomeigehe t

organ(s) of interest.
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1.2.2 Analysisof Fingerprint (or Tissue)

Metabolomics offers some unique advantages over other —omics disciplines (15) and
one of the main approaches of metabolomics for disease diagnostics is metabolic
fingerprinting. Metabolic fingerprinting is the rapid classification of gis according to
their origin or biological provenance (13) where it is not initially necessafgasible to
determine the levels of metabolites individually but to develop a high-througlecpuaidae
that enables a snap-shot of the metabolic composition at a given time. Chianges f
‘normality’ are detected and correlated with disease progression issiem the latter may
be surgical intervention, pharmacological or nutritional. The bottom line of metabol
fingerprinting is to obtain enough information to unravel (otherwise hidden) metabolic
alterations, without aiming to get quantitative data for all biochemicalvagth Therefore,
the resolution of the analytical devices must be high enough to handle critbcedatibn.
Such devices as nuclear magnetic resonance, mass spectrometry, ortifamsfierm
infrared spectroscopy (FT-IR) provide this resolution.

However, metabolic fingerprinting can easily be over-interpreted, sigoals
suitable for distinguishing among samples might not be biologically relevaniglbt mot be
applicable when distinguishing among samples from other species (oosis)akor
example, Warne and others (32) studied metabolic effects by NMR after dasthggorms
with toxins. By pattern recognition, they noted elevated levels of glucose, cinate
succinate as potential biomarkers for toxicity. The are clearly rsituimgtions where
intermediates of the TCA cycle become elevated and generalizationstapeuitability of
this method for establishing the mechanism of toxic action should be avoided. Fptesxam

without *3C tracers and relying just on concentration it is impossible to determine whethe
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glucose, citrate, and succinate increased due to inhibition or an increasabolroeictivity
of the glycolysis and the TCA cycle.

In the realm of functional genomics, NMR was used to detect metabolic phenotypes
in yeast mutants that did not show obvious visible phenotypes. However, the informative
power of NMR was not sufficient in this instance to quantify individual metabolitésteve
analysis of enzyme levels had to be applied additionally (17). This techniquatebetn
extended to examine the structure of metabolic pathways and the network of imetaiol
yeast (33). Therefore, metabolic fingerprinting ultimately benebts transcriptomics or
targeted proteomics to identify enzyme levels, however, uS€débeled nutrients and
determination of flux within the metabolic fingerprint in combination with conedéntr,
guantifies the real activities of these enzyimmegvo. In fact, quantifying enzyme activiin
vivo is the ultimate goal of proteomics, which simply quantifies concentration. Imawm
there are many technical challenges that need to be addressed in orderat® gener
comprehensive metabolomic data, however, metabolic fingerprinting is gagnemglerable
interest across a wide variety of disciplines with biomarker discovedigease prognosis,
diagnosis and therapy monitoring, and the addition of flux is essemtiailyo proteomics

and permits a comprehensive phenotype to be identified.

1.3 NMR-compatible Bioartificial Liver (BAL)*"
MRS studies of cell preparations permit the control of cell composition, and
contributions from immune, endocrine, paracrine, and physico-chemical parsumett

afforded in intact or perfused organ systems [for reviews (34-39)]. Since 1973, four

" Portions of Section 1.3 were selected from a revl@at was submitted tdMR in Biomedicine on March 31,
2010, “Three Decades of NMR-compatible Bioaritificial Liver” by RE Jeffries and JM Macdonald.
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categories of MR-compatible mammalian cell perfusion systems have @@)vé¢l)
suspension (40), (2) entrapment (41-44), (3) microcarrier (37,45), and (4) mer@@ane
Table 1-1 contains some MR and physiological metrics for comparison of these various
bioreactor categories.

Although MR-compatible bioartificial livers (BALS) have been used forethiecades
(47,48), the lack of long-term cell viability and simplicity of bioreactor opendtias
hindered its widespread application in the pharmaceutical industry. InitigRycdmpatible
bioreactors for hepatocytes, or bioatrtificial liver (BAL), used hepatogyspensions, but
function and viability only persisted for several hours before hypoxia causedatéll de
(5,40,49,50). This is because suspension bioreactors are the only catéligableii+1
without perfusion, and therefore the mass transfer is the worse of all theregeHowever,
from an MRS standpoint, they easy to operate, have excellent the global ensitye
percent of sensitive volume in the coil filled by cells) leading to a supggpal-to-noise
ratio, and can be packed in a 5 mm NMR tube, so standard high resolution NMR
spectrometers can be used leading to superior resolution and sensitivity.

The goal of these early studies was not to maintain long-term viability, butaio obt
short-term metabolic information, and a few hours is all that was requirdddaoal. This
simple BAL evolved to perfusion systems where hepatocytes were entrappdegderc
threads (51-57), alginate spherical encapsulates (58-60), or inoculateteimbrane
bioreactors (7). The most widely applied method for metabolism studies is ftiyeneait
technique whereby cells are immobilized in threads of agarose (61) or al@hat3). All
early BAL studies used non-physiological concentrations of oxygen, typi&by

oxygen:carbon dioxide (carbogen) (47) in order to overcome hypoxia, whereby in vivo, the
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blood has hemoglobin to reduce the oxygen gradient across theTlalge (-1). Also,
simple salt solutions or non-basal media solutions had beenTe@e {-1), which is not
permissive for long-term cultures, and more typical of toxicology studiesddnatd et al.,
2002). More recently, with the advent of tissue engineering, MRS and especiallyavik|
been used as tools to characterize the bioreactor with MRS focusiieyand viability
(5,7,49-58), with no reported studies'aE, >N, *H or F to characterize tissue engineered
BAL function. Although recently dynamic nuclear polarizattd® MRS has been used to
determine flux rates in alginate-encapsulated rat hepatoma cells derfastuidized-bed
BAL (62), this review will focus on primary hepatocyt&d.MRI has been used to obtain
inoculation efficiency and distribution, as well as quality assurance Qatand velocity-
encoded MRI has been used to define the flow characteristics (63), whileéotHfusighted
MRI or other forms have not yet been applied to a BAL. One reason for this lack otlhesea
is that conventional BAL systems do not fit in vertical bore magnets and requirerttariz
bore magnets, which typically do not have a second broadband channel and/or one does not
have easy instructions on making BALs MRS- and MRI- compatible. This revilegive
an easy step-by-step approach to making any BAL MR-compatible and presiplex of
applying multinuclear MRS protocols to monitor viability and function of se\BAdl
designs, as well as MRI applications to characterize inoculation effycartdistribution in
opaque materials, quality assurance, flow dynamics, and oxygen distribution.

Since suspension BALs were the first design attempted and are not fegsibhas
for long-term maintenance of liver cells in tissue engineefiadle 1-1), they will not be
used for demonstration of MRS and MRI applications in this review. Rather, three

bioreactors corresponding to membrane, microcarrier, and entrapment, whicle@ave b
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MRS- and MRI- tested in the author’s laboratory, will be used to demonstrate the
applications of MRS and MRI, while demonstrating the effects of various bioreact
parameters on hepatocyte viability, such as, diffusion distance, shear fomseglng, and
the effect of gelling or aggregation of hepatocykegure 1-5 includes diagrams and photos
of the three bioreactors that will be discussed as examples of three of thadgoriea
outlined inTable 1-1: (1) the hollow fiber membrane bioreactor inoculated with
microcarriers, (2) themembrane multi-coaxial hollow fiber bioreactor, and (3) the fluidized

bioreactor consisting of alginagatrapped hepatocytes.
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Figure 1-5 The three BAL designs described in this revihybrid hollow fibermicrocarrier, multicoaxia
hollow fiber membrane, and fluidiz-bed encapsulation bioreactors. Three photos obithieactors A) with
details of their desigrB) and flow patternsC).

A drawing of a generalized perfusion loop a BAL is shown irfigure 1-6 with the
various components. Everything present in a stahikife-support unit of a BAL system
present in the MRompatible system, except the perfusion linesemgthened and tt
recommended heating and oxygenation n parallel and near the magnet. There are
benefits to this: (1) the perfusion media can bentamed at room temperature inhibiti
bacterial growth and degradation of media comp@esnich as glutamine, and (2) there it
out-gassing in the bioretmr due to a change in solubility of oxygen causg@ drop ir

temperature in the magnet. An I-compatible, autoclaveable gas exchange/heater @
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has been described that solves these i¢(64). It is very important to place a bubble ti
just before the media line enters the bore atdpeof the vertice-bore magnet. Bubbles ¢
get trapped inside the BAL d destroy spectral quality due to enormous mag!
susceptibility effects caed by the a-water interface.

Gas Exchange Module _g In-Out Oxygen Sensors

I[ ]
N
Fresh Media
Oxygen
Source

1
Waste

Water B:.ith Pump

Figure 1-6 Generic bioreactor li-support loop and bioreactor. Block diagram of
bioreactodoop showing the major components and with a gakaxge module thi
heat and oxygenates the media simultaneously (L#)at media can be maintain
at room temperature.

Figure 1-6 shows inline oxygen electrodes to monitor oxygen consunmpfidis it
difficult with Clark electrode for lor-term tissue engineering studies as the memt
become fouled and if one monitors media oxygenl$eperiodically via tee connectio
throughout the study period, these are potentizcgs of contamination. If (ygen
consumption is desired, a r-invasive fluorescent oxygen sensor is recommer they do
not consume oxygen during the measurement, uriid&&tark electrode, which becornr

important for small volumes. At the very leastitissential to measuree drop in oxygel
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concentration from the gas exchange module down the water-jacketed line to thetdriorea
since polyethylene tubing is extremely permeable to oxygen and will @iffits the water-

jacket fluid, typically decreasing the oxygen concentration once enteringithe B
Autoclaveable FEPT tubing (0.0313” inner diameter) is recommended which is legsoxyg
permeable than polyethylene tubing. A 20% drop from 95% oxygen exiting the gas @chang
module and traveling down a 3 foot length of tubing at 3 ml/min and 37° C to the bioreactor
is not unexpected. Once this drop in oxygen concentration is measured and flow rate rema
constant, then one could assume this value for the length of the experiment. Use of the
fluidized-bed BAL Fig. 1-5A and 1-5C), described below in the entrapment bioreactor
category, fits inside a standard 10 mm NMR probe and is lowered from the top of thé magne
as is typical for vertical bore magnets and uses the spectrometer t¢msgshelp maintain

the temperature [see (62Hi¢. 1-6).

Table 1-1: Comparison of bioreactor categories

Type Ref.| Species| Media% O, |Duratior] Biomas§ NMR Mass Transfer
SNR Resolution
Suspension| a Rat KHR 20% 4 hr ExcellenExcellent Poor (30 mm)
Microcarrier| b Rat DMEM| 20%/40% 20 hr Good Poor Poor (5 mm)
Entrapment| c Rat KHR 95% 6 hr Good Good Poor (0.5-1.5mm)
Membrane | d Rat KHR 95% 6 hr Poor Poor Excellent (0.2mrr|

2 Cohen et al, 1978, 1979; Brooks et al, 1985, Nadw et al, 1985° This publication® Farghali et al,
1991, 1993, 1996; Gasbarini et al, 1992a, 199283,19996; Capuani et al, 2000; Falasca et al, 2001;
Macdonald et al, 1998.

1.3.1 Suspension

As shown inT able 1-1 suspension BALs were the first attempted by Cohen and
others at the end of the 197@®Hen et al, 1978, 1979nd later by Nicholson and others in the
mid-1980s Brooks et al, 1985, Nicholson et al, 1986)became clear quickly that this BAL was

not useful beyond several hours, since the hepatocytes were suspended in a 5mm NMR tube
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and became hypoxic immediately. In fact, considering the relatively higgeoxdemand of
hepatocytes (Macdonald et al., 1999), it is amazing any physiologicallymetiata was
obtained from these studies. By the end of the 1980s, perfused BALs were introduced and

suspension BALs became obselete.

1.3.2 Entrapment Compared to Membrane BALs

As mentioned above, the firfP and**C MRS of a MR-compatible BAL was
published over three decades ago (49). The biolimiting nutrient has always been arggen,
in order to overcome the large diffusion distances, higher concentrations of oxaygen h
been used for long-term viability. Although some attempts have been made to gse oxy
carriers in the encapsulation matrix to increase oxygen (65), the incooparéti
perfluorinated hydrocarbons to increase oxygen delivery to hepatocytes has been
inconclusive. Perfluorinated hydrocarbons do not exhibit the Bohr effect associtited wi
hemoglobin, and at lower oxygen tension, they do not release oxygen thereby leading to
higher levels of hypoxia compared to their absence (66). Nevertheless, thaimesia is
advantageous, however, nearly 60% is required in perfused organs (67) and peeliorina
hydrocarbons have toxic side effects (68). Therefore BAL studies havedamuse
modulating oxygen tension (69). Although membrane bioreactors typically have the best
mass transfer because homogeneous diffusion distances can be maintairedfehépm
poor SNR due to insufficient global density, and often have significant bulk magnetic

susceptibility that diminishes resolutiohaple 1).
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Figure 1-7 Inoculation of the Hybrid hollo-fiber bioreactors with hepatocyt
mixed with microcarriersA). Graphs off-NTPB-NTP from first spectrum fror
hepatocytes perfused with media subjected to 20% 40% oxygen and 409
oxygen but directly perfused through the cell cortipant B) and the respectiv
analysis of media components showing the 20% ar%d dRygen treatment wit
regular flow configuration showing the increasdaatate dehydrogenase validati
thedecrease in i-NTP (C).

One advantage of a fluidiz-bed bioreactor is the SNR is good, while maintajt
the diffusion distance of a membrane bioreactorsibyply maintaining a homogenec
diameter while thoroughly percolating the beadthafluicized bed. In fact, if the diamet
is 0.5 mm, this is the distance across the liveruscand the diffusion gradients associ:
with the three zone of the liver acinus can begatgd with a spheriFig. 1-5B, right). For
examplefigure 1-8A is a comprison of a fluidizedsed bioreactor at 9.4 T and the coa
bioreactor obtained at 4.7T. Although the fieleeststh was half with the hollow fib
bioreactor, the time to acquire t**P NMR spectra was 15 min and 60 min, respecti\
demonstrating botthe superior SNR and resolution of the fluidized.b&t a diameter o
less than 700 um the alginate microspheres aré ttwbughout, otherwise they can hav

molten core (70).
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Figure 1-8 Comparison of in vive®®P MR spectra from hollow fiber membra
bioreactor (29) anthe fluidizedbed bioreactor obtained in 60 min versus 30 |
demonstrating the superior SNR and resolutA). Graph of intracellular pH ¢
hepatocytes perfused with media subjected to 2086 35% oxygen B),
treatments.

1.3.2.1 3P MRSResolution, SNR, Viability and pH

Comparison of the BFTP time course between 20% versus 35% oxygere
perfusion media of the fluidiz-bed BAL revealed that the hepatocytes died at dar Hiter
inoculation and remained viable for the courseheféxperiments, about hrs, respectivel

(Fig. 1-8B, top graph). Our data suggests that during tisé Sithr of perfusion with 35¢
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oxygen the hepatocytes recover from the hypoxic isolation prdées4{8B) and the 31P

MRS spectrumHKig. 1-8A) is similar to the’P NMR spectrum from intact liver (7). Calcium

was used for the other oxygen treatments since previous alginate encapsoatédtiai

livers systems more commonly used calcium (59,71), and potential barium ésxeatild be
avoided. Although calcium is an extremely potent intracellular secondasentes, both

calcium and barium have such high affinities for the carboxylate groups thatréhey

relatively unavailable, or the encapsulate would lose integrity and disiegtdtough the
hepatocytes were maintained for 28 hours with little change in the R-NTP padkigré-

8B), they exhibited a high degree of anaerobic glycolysis not typical in livedesited by

the analysis of media (72) whereby 100% of the consumed glucose could be accounted for b

the production rates of lactate and alanine.

1.3.2.2 3C Metabolism

Previous in vivo>C MRS studies of MR-compatible BAL focused on the
perturbation of intermediary metabolism due to xenobiotic exposure (5,48-50,73). With the
advent of perfusion of bioreactors 13C signal from cells and media were disted)bis
utilization of diffusion-weighted pulses (74). 13C studies were all performedperssisn
bioreactors, primarily for metabolism studies as mentioned above. In faeq@’'and
others (75) were the first to analyze the media stream in real timetingpbe bioreactor
loop through thé>C NMR probe. In fact, media is called the metabolomic footprint of cell
culture and analyzed by itself as a measure of BAL performancem{gaje 1-9A is =*C
NMR of the fluidized-bed BAL containing alginate-encapsulated rat hepatapd

perfused with USC-glucose showing the time course-§-glucose incorporation into C1 of
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glycogen (ca 102 ppm). The peak reach a s-state of incorporation by about 6 hrs,
the rate of glycogen synthesis can be deterin by fitting the peak area to an exponent
Figure 1-9B is the same fluidize-bed BAL, but containing a rat hepatoma cell lind-1.
The spectrum shows the varic**C resonances representing the alpha and
conformations of 2°C-glucose. The insd¢ime course on the upper right is the C2 positib
lactate (ca 69 ppm) excreted from the hepatocytgsoyinto the media. In fac'H NMR of
the media and the cell extract at the end of tipeement established that this signal \
almost entirely fom the media. The rate of formation is linear aad loe used to he
determine the function of the hepatocytes. Norm@tyhepatocytes should not prodi
lactate, since liver is involved in the Cori cyfde conversion of lactate derived m

exercisirg muscle to glucos
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Figure 1-9 An in vivo *C MR spectrum of the fluidizeded bioreactor immediate
after inoculation with 500 um diameter electros@lty-encapsulated alginate bes
containing 3.5 x107 rat hepatocyte per ml and perfused with 25 n-*C-glucose
(A). The 18 hr time course of portion of t*C NMR spectra containing Gdlycogen
at 102 ppm is inset tthe left of the full spectrumn vivo **C MR spectrum of perfuse
JM-1 cells and th&5 hr time course of lactate above the spectB).
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Lactate production is typical of cancer cells, and thus was not detectedi6 M&
spectral time course of perfused primary rat hepatocyte shofiguire 1-9A, and is an ideal
functional assay of BALs and especially for determining if the culturegexg. In fact, this
13C MRS assay is ideal for dynamically changing oxygen content of raedie cultures
grow or depending on cell distribution within the bioreactor, since this could bemedan

essentially real-time, while oxygen concentration is increased or dedreas

1.3.3 Microcarrier

Ugurbil and others (76) first introduced microcarrier beads whereby mousgae
fibroblasts were grown on the surface of polymeric beads and placed in a MRtibtenpa
perfusion chamber for study. With microcarriers and encapsulates, a padkegbdgused.
In the former, the global density is hindered due to the fact that cells cadi &dtthe
outside of the microcarrier, with microcarrier material void of cell sigmaiglobal density is
low, and thus SNR is adversely affect@a@lfle 1-1). Membrane bioreactors typically
separate the cells from the flowing perfusion solution by permeable membrénemsl
diffusion of nutrients and waste, but restraining the cells in the bioreactor.cAvidder
bioreactor is a membrane system that consists of a bundle of permeable Hmlswunning
axially (46) or radially (77) through the housing and are typically capped by epox
thermal welding, and media or gas typically travel through the fiber lumen (¥T@hybrid
hollow fiber-microcarrier bioreactor (Genespan Inc, Bothell, WA) is shioviigure 1-5A,
wherein there is an annular ring of polyethylene oxygenation fibers (300 pnd@uteter)
and a central bundle of nutrient delivery cellulose acetate hollow fibeyslt5B and1-5C),

and microcarriers rest in between the two bundles and rotates 120° on a rockéguredl-
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7A shows the bioreactor being inoculated via the side port with hepatocyte-coated dextra
microcarriers, and in the three experiments presentiedune 1-7B a total of 500 million rat

hepatocytes were inoculated in each bioreactor.

1.3.3.1 Viability by *'P MRS and Effect of Diffusion Distance

The first*'P MRS studies of hollow fiber were used not only to monitor cell viability,
but cell growth within the opaque hollow fiber bioreactors (79,80). Gillies and o8%rs (
subsequently refined the MR-compatible design to optimize global densityhé.percent of
volume within the MR probe consisting of cell mass), and enabled cell culture for many
months to reach tissue densities. The first MR-compatible hollow fiber BAlpulaisshed
by Macdonald and others (7). As an example of MRS can be used in the
development of BALs, data from experiments with a hybrid hollow fiber-mécris
bioreactor with various oxygen concentrations and flow configuration werermed by Dr.
Macdonald while a post-doctoral fellow in Dr. Reid’s laboratory. In general, oxggen i
always the rate-limiting nutrient in BALs and typically a distancghbd ca 200 pm is
considered hypoxic (81). In order to address this issue, the 10 cm space betweemondygen
nutrient fibers Fig. 1-5B) was affected by 30-60 Hertz 120° rotation on a rocking stand and
microcarriers containing hepatocytes were inoculated into this spiard-6C).

Two oxygen concentrations were tested in the hybrid, hollow-fiber micrec&AL,
20% and 40% oxygen in 5% carbon dioxide with the remainder in nitrogei*FTMRS
spectra were obtained immediately after inoculation as shofiguire 1-7C. Figure 1-7B
are time courses of the B-NTP peak area relative to the 3-NTP peak aneadiot the first
spectrum, and are expressed as the percent change. In all cases thdd&idased

precipitously with 20% and 40% oxygédfigure 1-7C display the results of analysis of
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media components, showing the increase in LDH in both 20% and 40% oxygen treatment,
confirming cell death. One of the main problems with hepatocytes is that tiseréate
adhesion proteins, such as cadherin, cause the hepatocytes to aggregate arnhisngabe
mechanism by which liver spheroids are produced (82). Since the hepatocyteshare on t
surface of the collagen coated microcarriers, and even though the bioreastmtanty
rotated 120° on a rockefiQ. 1-5A, bottom) at a period of 30 Hz, the hepatocytes still gel in
the bioreactor. The gel was so solid that in a third experiment, the side port fuasgand

a small portion of hepatocyte near the perfusion channel remained viable for gy degla
1-7B, bottom graph), completely eliminating the usefulness of the hollow fibexdutar. In
fact, this gelling phenomenon makes it impossible to suspend hepatocyte-covered
microcarriers in a fluidized-bed bioreactor without gellifigi§le 1-1), and has required

alginate encapsulation methods to be employed to avoid aggregation phenomena (see below).

1.3.4 Membrane

MRS and MRI in the field of tissue engineering have primarily studied membrane
BALs, in the form of a hollow fiber bioreactor. Hollow fiber bioreactors typycadve
sufficient mass transfer, but relatively poor global densities and thus poofoBNIRS
(Table 1-1), because much of the sensitive volume within the MR probe is filled with
bioreactor material. A coaxial hollow fiber bioreactor is composed of avilbein a fiber
and is shown iffigure 1-5B and can replicated the dimension of the liver lobule (47). The
first published MRIs of a hollow fiber bioreactor were of a coaxial designvestigate fiber
concentricity and cell distribution (83). They found that although central fibees we

constructed asymmetrically, the cell culture of a mouse hybridomareehfiparently
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centered the fiber. Since the bioreactor was opaque and composed of polypropRene, M
was the only method to observe the soft tissue cultured cells in the annular spaes betw

fibers Fig. 1-5B).
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2 Bioreactor Development and Design Considerations
2.1 Rationaleand Goals

Experiments were conducted with a focus on developing an electrostatic erncapsula
matrix that could be used to provide a stable microenvironment for cellular growth,
proliferation, and differentiation while shielding the contained cells from $be=gs
associated flow environments. In addition, the diffusion of oxygen into encapsulates wa
studied with respect to diameter size and oxygen concentration. Electrastaps@ation
technology is reproducible and controllable thus generating beads that are unifazenim s
contrast to emulsion techniques (that give particles of nanoscale dimensioahiz&dgn
3D systems, such encapsulates were studied by measuring metabolitesedithand cell
simultaneously within an NMR-compatible bioreactor. The encapsulationsrused i
experiments described in this chapter were comprised of primary rat typato

The metabolic energy status of the entrapped cells was monitoredrugivmg>'P
NMR spectroscopy. Inorganic phosphate, ATP, sugar phosphates, phospholipid
intermediates, and pH were measured to evaluate the efficiency of thechsogerfusion
system. In addition, custom Clark oxygen electrodes were fabricatezhitonthe input
and output oxygen concentration of the perfusion media. Lastly, histology was pgelform
pre and post experiment, to assess cell viability and conditions within the entapsatiax.

The specific goals of this research were as follows:



1. Develop an encapsulation methodology and gelling agent to produce consistent
diameters, maximum longevity of encapsulate integrity, and robust madsitrans
of nutrients.

2. Extend the time course of survival of encapsulated primary hepatocytes to days,
which is well beyond the longest duration of 8-10 hours described in previous
studies.

3. Develop an NMR-compatible cell culture environment to enable real-time
toxicodynamic and toxicokinetic observation.

4. Establish an NMR metabolomic method for elucidating the toxic mechanisms of

drug-induced liver injury.

2.2 Electrostatic Encapsulation

Electrostatic encapsulation is a proven technique for immobilization of vaetus c
types, such as yeast cells (Serp et al 2000) and mammalian cells (CHaardraseal 2006).
It is a first choice for immobilization in medicine due to its advantages. Onbiol is that
it can produce alginate microbeads down to 100 or even 50 um in diameter (Manojlovic et al
2004) in comparison with other extrusion techniques. Smaller beads offer many gesanta
such as better mass transfer of nutrients and oxygen (84). Further, the techeagyaads
use under sterile conditions.

The production process is performed under mild stress conditions without the use of
any organic solvents that can inhibit cell activity and cause serious dap&dfgcts. It has
been proven that the application of high electric potential does not damage lesiéforie,

no loss in cell activity or viability occurs after immobilization. The raft production of the
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technique is high enough to produce microcapsuléisa scale needed for bioreac
applications. In addition, the electrostatic extsagechnique has been shown to have |
entrapment efficiency with almost no loss in cdllsing procssing.

Electrostatic droplet generati(Fig. 2-1A) is based on the use of electrostatic fol
to disrupt a liquid filament at the capilleneedle tip and form a charged stream of s|
droplets (Woods et al 1999). It is a complex preaasolving anumber of parameters su
as applied electrostatic potential, needle diametectrode distance and geometry, poly
solution flow rate, as well as properties includswgface tension, density, and visco:
(Zhang et al 2009). The addition of a cuuspension within the polymer further complice
matters by affecting both polymer properties areddktrusion process (i.e. mi-
hydrodynamics within the capillary via electrostaind physical interactions of the ce
(Manojlovic, 2006; Seagle, 20(. Experiments were conducted with the electros

encapsulation systerkiQ. 2-1B) developed by Seagle (85).

Figure 2-1 Electrostatic bead spray desi(A) and operfront encapsulation setiy(B).
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2.21 Encapsulate Diameters

Encapsulations may provide stable microenvironments for cellular growth,
proliferation, and differentiation while shielding the contained cells from $beags
associated flow environments and may provide an immuno-protective barrieipientcof
cells implanted in encapsulated form. Organized in 3D systems, such encapsuldies c
studied by measuring metabolites in the media effluents from traditionatecplates and
bioreactors. In these studies, encapsulation of the cells was utilized fdaimag large
numbers of cells within a confined hydrogel architecture which would provide protection
from shear forces while still allow for diffusion into and out of the construct. Thelgued
for encapsulation materials and geometry were initially establishée &sliowing:

1. Matrix material should be biocompatible. No materials should be used that would
be toxic to contained cells or tissues that encapsulations may be implanted
into/onto.

2. Encapsulation geometry should be spherical. Spherical geometry should allow for
encapsulations to stack in regular patterns while providing space betweamntadjac
encapsulations for media flow.

3. Encapsulate radius should be no greater than maximal gas diffusion distance into
the encapsulation. This standard should prevent necrotic and apoptotic products
resulting from an anoxic or hypoxic core from affecting more superficialeviabl
cells in the encapsulation.

One of the inherent difficulties in the development of bioartificial organs is degigni

structures that provide environments that mimigvo conditions. Diffusion distance in
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bioartificial tissues and systems is one such challenge. While scglabgitsystem is often
viewed as one of the success measures in tissue engineering, size andgcatalofiten
restricted by the maximum distance that nutrients can diffuse or penetoatissue or
matrix from a media flow. The nutrient possessing the smallest diffusionocoewetff
therefore, determines the maximum measurement available for deteyrdistances
between cells and nutrient sources in a bioartificial tissue or organ desige.dase of the
liver, natural architecture reveal that convective flow channels areasegdny a distance of
no more than 100 microngr() (86). This relatively tight packing of hepatocytes in a highly
channeled structure ensures adequate blood flow to the liver which is esskatial w
considering that in rats, for example, the liver uses between 1/5 and 1/3 of total hgely ox
consumption (87).

Historically, the problem presented by the oxygen diffusion coefficient akead in
bioreactor designs with distance suitable to provide appropriate oxygen caticastto
cells but challenged where scalability is concerned. A possible solutigordivades
reasonable proximity between cells and nutrient rich media, while also alltaviggeater
ease of scalability, utilizes spherical encapsulations of cells in pbteneydrogels
superfused with media. Such a system would employ uniformly sized spheres such that a
three-dimensional array of spheres would allow for media flows to pass througaties
created between adjacent spheres. As is the case with any bioartiBteah syith a linearly
flowed media system, nutrient concentrations drop as media traverses oveugh tie
matrix. This most certainly would occur in a stacked sphere system. Thewdiiela
nutrient depletion would occur is directly related to the number of cells per unit vidtaine

reside in the spheres. A unique difference exists for systems that useapheri
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encapsulations. Because the cells are contained within the hydrogethath&raded on the
surface, cells are not subjected to the shear forces presented by the hoavoigriedia.
Because of this isolation from flow, encapsulated systems may utilizertigtv rates than
those employed by superficially mounted cell systems. Higher flow vateld allow for
higher nutrient concentrations at all distances from the flow source as eahtparaditional
low flow of stagnant systems.

The electrostatic encapsulator design, mentioned above, was used with the following
parameters: 1) power supply voltage = 3.5 kV, 2) syringe pump speed = .714 mL/min, 3)
150mL of CaCl gelling bath in a 250 mL beaker, and 4) distance from syringe tip to surface
of gelling bath = 2.5 cm. These parameters produced sodium alginate encapsulated
hepatocytes with uniform spherical radii of 250, the limit of oxygen diffusion in BALs
(McClelland, 2003), which is a function of its diffusion coefficient and consumption rate

(Figure 2-2A, 2-2B).

Figure 2-2 Confocal images of 10m thick slices through a 5Q0n diameter alginate
encapsulate containing 3.5X1@t hepatocytes/mi) and 2.0x10rat hepatocytes/ml
(B). The distribution of hepatocytes in red, shovet they are tightly packed.
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2.2.2 Calcium Chloride (CaCl,) asa Gelling Agent

Polyelectrolyte complex systems have often been used as gel satemaing them,
calcium alginate is the most commonly employed system for its eagingalsformation.
Upon contact with polycation (€3, liquid alginate solutions immediately transform into gel
by binding between guluronic acid blocks in alginate arfd.G#e chains in alginate
polymers can be described as a varying sequence of regions termed M block&s(Galbidc
MG blocks, with no regular repeat unit. In the presence of divalent ions, watéors®loft
polysaccharides form hydrogels via ionic interactions between acid groups on Gdbldcks
the chelating ions, generally €a(Eiselt et al 2000).

Therefore the mechanical properties of these physically cross-lirdedina alginate
gels are dependent on the proportion and length of the G blocks in a given alginate chain
(Gombotz and Wee 1998). There is a hypothesis that calcium ions bind only between G
blocks of more than 20 units, and at high calcium concentrations, multiple cross-linking
among alginate chains is possible, thus forming a polymer network (KohgG€t3. The
network structure of these viscoelastic solids have been described by the “eggeliet”
(Grant et al 1973). Gelation kinetics and mechanical properties of final Datalg
microbeads can also be influenced by the presence of cells. Although most stathesatd
bead production have been carried out in an excess of hardening solution (3 oCaCl
prolonged times in order to ensure complete gelation (Martinsen et al 1989), imnatabil
of highly sensitive mammalian cells (eg, primary hepatocytes) can requimnaal exposure
to CaC} solution. Assessment of gelation kinetics can be therefore essential fozapomi

of immobilization techniques for these cells in order to prevent toxic damage.
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Initial encapsulation experiments utilized a beallimgg bath consisting of 150m|
CaCbin deionized water (d2O). This produced spherical beads with an averayaeater of
500 um and resulted in success bioreactor perfusion experiments of up to 13.5 koo
duration, wih primary rat hepatocytes.istology of 9um sections othe beads prior t
bioreactor inoculation revealed that the cells waresting inside the encapsul, leaving a
significant amount of debris as showrfigure 2-3. The cells that did not burst were via
as reflected by the dark nuclei and vibrant cofahe cytoplasm. However, this bursti
reduced the overall cell density within the biotea@swell as the SNR resulting

suboptimal NMR spectra.

Figure 2-3 A 9 um cryostat slice of an
encapsulate stained with H&E stain (60x
magnification).

Subsequent encapsulations were performed with M@aCkin S&M, which is a
solution consisting of HEPES, NaCl, KCl and NaOFhis ensured that the cells would

longer burst and also resulted in more consistentormly spherical beac
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2.2.3 Barium Chloride (BaCl,)

As noted in the literature, Bag@loncentrations >10 mM can be toxic to hepatocytes if
exposed for 24hrs. Therefore the initial encapsulation work was performed witing gell
bath of 10 mM BaGlin S&M. However, the resulting beads were not formed very well with
most of them experiencing significant distortion. Subsequent encapsulatiengesi®rmed
with a 150 mM BaGlbath that generated spherical beads more consistently than that of the
150 mM CaClitreatment mentioned earlier. As can be sedigure 2-4, this method
resulted in beads containing cells as viable as those of the @atlod. The toxicity issue
was addressed by only leaving the newly formed beads in the gelling bath fanuwt8svand
immediately removing them, then rinsing with DMEM to dilute the Ba&€h nominal
concentration. The Ba-Alginate bonds began to break when the beads were perfused with
DMEM causing the barium to be dissolved into the media causing encapsulatesparta
To combat this mass balance effect, 10 mM Ba@k added to the DMEM, but likely due to
the bicarbonate that is in the stock DMEM media as @0y %-HCO;™-H,CO; pH buffer,
BaCG; precipitated out of solution making the DMEM cloudy and reducing the effect

concentration.
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Figure 2-4 A 9 um cryostat slice of
encapsulated rat hepatocytes using 150
mM BaCl,.

Other studies of hepatocytes utilized HEPES as a pH buffer in the DMHEiper
media in the bioreactors, which has does not use the bicarbonate pH buffering system. Wi
that in mind, various gelling bath and perfusion media combinations were prepared to
determine the most reliable solution to this dilemma. Two concentrations of @&l
CaCl were used as well as two perfusion medias, DMEM and HEPES. Beads were formed
without cells and placed into various 15 mL centrifuge tubes containing a corobiofti
solutions mentioned abovéd.able 2-1 illustrates the outcome of this study. There was a low
degree of precipitation into the media when utilizing a 10 mM Bgé€lling bath and a high
degree of precipitation with the 150 mM Ba@éatment. In contrast, is the 10 mM CaCl
treatment resulting in no precipitation and the 150 mM ga€dtment with low
precipitation. However, in all cases, the beads eventually fell apart duedissbkition of
the cations out of the alginate into the perfusion. This phenomenon was addressed by adding

5 mM CacC}to the perfusion media. The final encapsulation protocol utilized a 150 mM
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CaCkbin the gelling bath to stay consistent with the literature, and 5 mM,@d@¢d to the

DMEM perfusion media.

Table 2-1: Results of two alginate gelling solutions contiagnthe divalent cations of barium and calcium.

BaC|2 C&Clz
Conc | DMEM HEPES DMEM HEPES
(mM) | With | Without | With | Without | With | Without | With | Without
Beads | Beads | Beads | Beads | Beads | Beads | Beads | Beads
N N N N - - - -
10 + + + + - - - -
N N N N N N N N
2l +++ +++ +++ +++ + + + +
Degree of precipitation: -, none; +, low; ++, medium; +++, high
Timeto precipitation: -, no delay; », delayed

2.24 Oxygen Concentrations

Encapsulation devices are often hindered by the inability to achieve sufficig@roxy
levels for sustaining long-term cell survival bathvivo andin vitro. A successful device
depends on permeability, mechanical properties, immune protection, and biocomypatibilit
(88,89). Metabolic functionality is controlled by the transport of nutrients and oxygn, wi
oxygen availability the primary dominant limitation (88,90). Maintenanceffitgent
oxygen levels in the encapsulation device is critical to avoid local domains oficecraior
hypometabolic cells. There are significant limitations with most oelhpsulation devices
due to internal oxygen mass transfer limitations (91).

In vivo studies measured rat hepatocyte physiological oxygen concentrations from
13% (v/v) arterial to 4% (v/v) hepatovenous, which modulate carbohydrate metabolism
(92,93). Oxygen tension also plays a significant role in gluconeogenesis aalytity

activity of hepatocytes (94,95). The cell microenvironment is dependent on both nutdent a
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oxygen availability within the encapsulation device and the surrounding medium.roxyge
supply and transport can be enhanced through several means including medium sparging
(96), perfusing oxygen through silicone tubing (97), minimizing encapsulation ggometr
(98), or using oxygen-rich membranes (99,100). Despite research efforts iarkese

oxygen transport remains one of the main limitations in maintaining cell wadnld
functionality.

All of the studies performed in this research were conducted with the use of a
previously developed (44) gas exchange module (GEM) to oxygenate the perfusion media
(Figure 2-5). It utilizes silastic tubing to enable the diffusion of oxygen into the media
stream. Custom flow-through oxygen probes were also fabricated by Dr. Andrey Tikunov
(University of North Carolina) and placed in-line with both the input and output media
streams. This provided real time oxygen measurements to charactericeigthe a

performance of the perfusion system.

Figure2-5 Gas exchange module (GEM)
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Although the concentration of oxygen at the output of the GEM would reconcile with
that of the oxygen being perfused in the GEM, it was not the concentration in thetbioreac
It was discovered that the three foot length of waterjacketed perfusion tulb@mglieg from
the GEM to the bioreactor was permeable to oxygen and affected the final oxygen
concentration in the bioreactor. Initial experiments were conducted with 95%m:6¢ge
carbon dioxide as this was the prevalent gas mixture used in all of the previoes efudi
hepatocytes in perfused NMR-compatible bioreactors. Air, or 20% oxygen, oruaerokt
75% nitrogen, 20% oxygen and 5% carbon dioxide was used as was a third oxygen treatment
using 65% nitrogen, 35% oxygen and 5% carbon dioxide. In each case the oxygen
concentration was determined in the bioreactor. The various types of tubing hiesésh
are given below. The Cole-Parmer catelog gives a nice summaiyind tgas
permeabilities, but as will be described, those that list impermeable to oxggeailyaare

permeable to some degree. Bev-allireeems to be one that is truelly impermeable.

2.3 lterative Design Toward the Final Fluidized-Bed Design
2.3.1 Gondola (packed-bed)

The majority of perfused NMR-compatible bioreactors are configured withadvot
upper and sometimes lower baffle to constrain the cells within a known region. Sigis de
has certain drawbacks, one of which is difficulty in inoculating the bioreactorcelis. The
first baffle must be inserted into the NMR tube just enough to leave room above it for
loading of the cells. However, when the cells are loaded and the second batflelasvsl
to seal the cells within the NMR tube, the cells begin to blow past the second btdfkeib

can seal off the volume of cells.
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This issue was addressed by Dr. MictGamcsik North Carolina State Universit
with an NMR-compatibldioreactor design, called tfGondola’ This design incorporates
cylindrical, boatlike enclosure that is sealed on both ends witHdsfbut has a sme
lengthwise opening to enable loadingcells Figure 2-6). The enclosure consists
payethylene tubing that is secured to the bafflegach end with he-shrink tubing to forn
a tight seal. This allows the bioreactor to becuiated prior to sliding it into the NIV-tube,
thereby preventing any cétbead)blowout. An 8 mm NMR-compatié bioreactor wa
constructed using this design and several triale \wgecuted This isa packe-bed
bioreactor, in that the gondola is fully loadedhngells to maximize the density amn turn,
the SNR. Unfortunately, channel of media occured umoperfusion with culture medi
allowing the media to take the path of least rasis¢ through the pack-bedof

encapsulated cells, whidause heterogeneoudistribution of nutrients and oxyge

Polyethylene sheet Polysulfone

Teflon heat-shrink
(Not shown)

Polyethylene tubing Sealed glass tubing

Figure 2-6: The gondola design of DiGamcsik alleviated the
problem of loading the bioreact
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2.3.2 Perforated polyethylene plug

A modification of the gondola design was fabricatedlleviate he packe-bed and
channeling of medialhe lower baffle and gondola re replaced with a short piece
polyethylene heashrink tubing forming a small, cylindrical cavityat is an extension of tt
upper bafflevhose ports have been enlarged to allow an incde@te of media flo
(Figure 2-7). Then a poous polyethylenrod was cut the same length as that of the ce
and inserted to prevent the beads from flowingughothe larger ports of the modified up)
baffle. This acted as a flow distributor, typical of pac-bed BALs, which eliminate

channeling Macdonald et al 1998).

Polyethylene tubing

w.

!

Sealed glass tubing \

N,

Palyethylene plug

Figure 2-7: The addition of polyethylene plug acting as a fl
distributor.

Although this design modification solved the chdrngissue, it introduced anoth
form of perfision constraint. The beads began to pip against the polyethylene plt

creating a semi-packed badd eventually clogged most of the pours in thg increasing
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pressure and affecting outlet flow. This resulted in uneven and insufficientiperfiis
media, causing both bead damage and eventual cell death due to the lack of oxygen and

nutrients.

2.3.3 Fluidized-bed

The previous design attempts and experiments provided the data to fabricate a
bioreactor based on a fluidized-bed principle that would allow for uniform andisaffic
media flow with maximized mass-transfer of oxygen and nutrients. Alldreatk tubing
was eliminated from the design and an upper baffle was milled with outer fins apch300
ports Figure 2-8). This allowed the beads to percolate as the perfusion media flowed from
the bottom of the NMR tube to the top. The media flow pushes the beads up near the upper
baffle before they begin to fall back down toward the bottom of the tube, resulting in a
continuous motion of beads thus ensuring that each bead receives maximum exposure to the
media. A closed loop system was used whereby only one pumphead was used to generate the

media flow, and o-ring were incorporated into the cap design to guard agaksst le
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Figure 2-8: The final fluidized-bed design with
just a top baffle and percolating be:

2.3.4 Flow rates

Previousstudies of NMF-compatible bioreactors utilized media flow ratesgiag
from 2-20 mL/min (44,101)xepending on the diameter of the bioreactor tubteidies
conducted with 10 mm NMR tubes were usually pertmtrwith flcw rates around
mL/min, but these were typically pack-bed or mesh type bioreactor (Gamsick, Macusc
Thereforethe initial studies in this research were also coted at a media flow rate of
mL/min. This consistently resulted in disintegratf the beadsjue to excessive she
forces, and subsequdribwing of bead debris through the ports in thdle. A reduction in
the flow rate to anywhere betwee-6 mL/min remedied the shear force issue, howe
there was still the channed problem (packed-bed designs) regardlegt®flow rate

For the fluidizedbed design, flow rates betwee-5 mL/min were utilized witt
differing degrees of success with the resultingrde®f success being more depender

oxygenconcentration than flow rat In addition, a interesting phenomenon was obser
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when modifications were made to the length of the bioreactor insert. A shortér inser
translates to a greater distance between the end cap and the bottom of thebMhich

then enables increased media flow rates. Therefore maximum allowabletfog dectated

by the height of the end cap. Optimum configuration allows for minimal bead volune whil

ensuring sufficient media flow for maximum mass transfer of oxygen anemistri

235 Materials

The NMR-compatible bioreactor is made up of several types of tubing that have
different attribute requirements, depending on its use in the bioreactor. One aitbsse
for the delivery of media without loss of oxygen, meaning that the tubing mosi/en
impermeable. Polyethylene (PE) has long been recognized as an enginestinghat
exhibits a high degree of inertness, making it attractive for use in markhtastmod and
beverage, laboratories, and chemical processing where leaching or pétyneabid
present risks. Polyethylene is also one of the lower-cost plastic maserbdsatisfies many
requirements that call for inexpensive, lightweight tubing. Initial NMR jzatible
bioreactors were constructed with PE tubing, however it presented severasrdileng
bioreactor fabrication and use. It is one of the more pliable tubing products used in
laboratories and therefore occasionally became stretched and narrohegaomt where
media would no longer flow through it. In addition, it was easily crimped duringtegpea
usage of the bioreactor. Also, it cannot be autoclaved and must be sterilized by @thanol
ethylene oxide. These problems called for a more robust tubing product thasevas al

impermeable to oxygen.
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Fluorinated Ethylene Propylene (FEP) tubing is a semi-rigid produdialds up
well to usage and repeated autoclaving, in addition to having the next lowest oxygen
permeability with respect to that of PE tubing. Both the input and output lines wexeecpl
with this tubing product and various studies were conducted, with and without hepatocytes,
to characterize its usage in the NMR-compatible bioreactor. Of mostsines its oxygen
permeability therefore several oxygen experiments were conducted tmideténe actual
oxygen concentration at several points within the perfusion system, such as 1Mhe GE
output, 2) inside the NMR tube, and 3) bioreactor output. This enabled a true determination
of potential oxygen concentration drops throughout the bioreactor loop.

A third tubing was test that was comparable to FEP, Teflon or PTFE. It tocsteas
as being impermeable to oxygen. Although minimal oxygen permeability wasedbvath
FEB and PTFE compared to PE, both exhibited some decrease of permeabiiimhyst be
considered in conjunction with flow rate and tubing length from the GEM to the bioreactor

for accurate oxygen concentration for the perfused cells.

2.3.6 Open vsClosed System

Initial experiments were conducted with an open-system configuratiomjmyetaat
there was not a continuous loop throughout the bioreactor perfusion system. Basically
pump head was dedicated to each of the media lines, input and output, to operate in a push-
pull fashion. Various combinations of tubing sizes and pump speeds were trialed to
determine the optimum parameters. The original bioreactor loop configuratioatedri
equally sized, inside diameter (ID) and outside diameter (OD), media perfungien With

both pump speeds set the same, the beads packed under the upper end cap and eventually
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blew through its ports. A similar action was observed when the output line pump speed was
set both higher and lower than the input line pump speed.

This open-system was abandoned for a closed-system configuration forithe bas
reasoning that if the system was truly closed, the media could be pushed thrdogbp the
with only one pump. The first attempt at this configuration proved disastrous abeescri
above. The experiment began with observing the loop outside the NMR magnet and
everything appeared to be just fine, the media was flowing through the systetessipr
and the output line was taking up the media as it flowed upward in the NMR tube. Therefore
the bioreactor was placed into the NMR magnet and an overnight acquisitionuyaarss
initiated. Upon returning to the lab the next morning, a pool of media was discoverly dire
beneath the probe of the magnet. Apparently the media had flowed completelyomdhe t
the NMR tube and began dripping down the outside of the tube and inside the probe.
Unfortunately the 400 MHz 10 mm NMR probe had been damaged beyond repair and was
destroyed — a $5K experiment. My advisor was very unhappy. Further investigbthe
loop revealed that the system was not truly closed afterall. The top of tRetid was not
sealed completely therefore air was escaping, allowing the media tathseit being
exported through the output line. A subsequent design change that incorporated two o-rings
around the top cap of the NMR tube remedied this problem and all of the remaining studies
were ran without any overflow issue. Several iterations of input/output lireamepump
speeds were tried before coming up with the final closed-system desigmbheleésn the next
section. This made for a more convenient, streamline perfusion system to be tispgtwi

one one pump head with associated tubing used to generate the perfusion.
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24 Concluding Remarksand Final Design
NMR-compatible bioreactor experiments enable the detection of intracellul
metabolites. This is of particular importance because some charged spaaies pass from
the cytoplasm into the extracellular space thereby preventing detettiwedia-only
analysis — or footprinting. The media analysis can demonstrate viabilityactibhality but
a more complete understanding of metabolic outcomes will require NMR analysiatob
cell extract preparations.
The final NMR-compatible, fluidized-bed bioreactor consists of a 10-mm NMBR
with a milled Delrid™ fixture containing an end cap with 3(fh ports that retain the
encapsulated cells. The top cap is sealed with two o-rings and is conioeetedvater-
jacketed (norprene) lines with internal FEP or PTFE tubing that is rmegdtat 37° C via a
water bath. FEP or PTFE tubing provides input of media, which extends to the bottom of the
NMR tube and a second FEP tube is used to remove the media as it reaches the top portion of

the NMR tube.
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3 NMR-compatible Bioartificial Liver for Real-Time Toxicokinetics and

Toxicodynamics

The difference between pharmaco- and toxico- dynamics/kinetics is one of dose
Conventional approaches to determine the pharmaco- or toxico- kinetics of drugtsauins
the use of body fluids (urine, plasma) and tissue to obtain drug and metabolite
concentrations. These concentrations can be measured using HPLC, GC/MS and NMR
(102). However, it requires samples to be collected at pre-determined ingerdaifien
sacrifice of the animals (103)n vivo NMR enables the noninvasive monitoringi-
labeled xenobiotics to determine the pharmaco-kinetics and/or toxico-kineticgaaion
(104). This can be accomplished with the use of surface coils ¥owo measurements in rat
(82,105). However, this technique is limited by coil positioning and signal detection depth.
The use of NMR-compatible bioartificial livers (BALS) provides a controlledrenment of
cell culture that allows for greater SNR. Unfortunately there ai&alions on longevity
(~2hrs) due to non-physiological conditions (25°C) and the temporal resolution (~33min) is
not frequent enough to capture dynamic toxicokinetic activity (49). Subsequemisdesig
improved on the longevity and temporal resolution, however these improvementd aot stil
sufficient enough to capture real-time toxico-kinetics over the entire coudsagéctivity.
We have developed an NMR-compatible BAL that sustains primary rat hepatiocytes
physiological conditions for at least 28 hours, with a cell density of 3.5x107del{skte

Chapter 4).



In this study, a rat hepatoma cell line (JM1) was utilized to observémeal-
toxicodynamics and toxicokinetics of bromobimane (BrBi) and acetaminophen jAPAP
Glutathione (GSH) is a tripeptide-glutamyl-cysteinyl-glycine) as shown kgure 3-1A,
wherein cysteine is the rate-limiting amino acid for GSH synthesis. tGilome is a primary
anti-oxidant, protecting cells from toxicants (i.e. free radicals) andastlaé major non-
protein thiol in many biological systems. Bromobimane is a highly reactivpaaml used
as a derivatizing agent in HPLC analysis of glutathidfigur e 3-1B illustrates the
conjugation of BrBi with GSH. Once GSH is depleted beyond 70% of steady-std$e leve
BrBi attacks proteins inactivating enzymes essential for normal ceéflulation, and
ultimately will kill the cell. Glutathione has been shown to be a key component of drug
resistance in cancer (106). Isotope-labeled, [3@]cystine was utilized in the perfusion
media to follow the accumulation of GSH, then various doses of BrBi were adnadigter
the cells to observe its effect on GSH and GS-Bi conjugates. Prét@NVR studies of
GSH metabolism in cancer cells were conducted with 41-min temporal readL@7). Our
study reports the first time a 1-min temporal resolution has been achieteddGMNMR for
toxicokinetic and toxicodynamic studies. This model will have significapaghon
predictive toxicology experiments, as it will enable the real-time obsenvat drug activity

and metabolism that has been previously undetectable.
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Glutathione Bromobimane (BrBi)

o A
. 4

Figure 3-1 (A) Glutathione, a tripeptidey-glutamyl-cysteinyl-glycine).) Bromobimane, a highl
reactive compound.

The new fluxomic method that is r-invasivelyand dynamically obtained was &
applied to study acetaminopt (APAP) toxicity and the APAP-induced casle of toxic
events Figure 3-2). Cytochrome P450 enzyme activity is requiredN&P QI formation
from APAP and there are no previous reports of HARM1s.Three APAP doses we
tested, 10, 20, and 40 mM dissd in the culture media, and the the fluxome
metabolome analyzed to determine the-lethal effects of APAP toxicity. The cascade
toxic biochemical events were elucidated from tiiience in the uptake curves ¢-**C-
glucosebetween controls aithe different APAP doses. At the end of the experitnthe
cells were extracted and analyzed by high resaiutid'*H and 2D'H-{ **C} HSQC NMR

spectroscopyo determine if P450 activity was triggered by theic dose of APAF
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Figure 3-2 Acetaminophen metabolism and toxicity pathways.

3.1.1 Acetaminophen (APAP)

APAP s one of the most commonly used nonprescripti@igasics in the Unite
States. Of the 76% of Americans that reportedgusonprescription products in the Th
National Health and Nutrition Examination SurveyHANES 1), 36% reported usin
APAP (108) An estimated 2,000 cases of acute liver faibaeur per year and APAP is tl
most common identifiable cause. Although spontaseecovery is highest with AP/
caused morbidity compared to other drugs and atheses of acute liver failure, t
mortality from APAP induced severe hepatotoxicéynainsat 20% and 10% require liv
transplantation. Thus, despite high rates of spwdus recovery and the availability of
antidote (Nacetylcysteine) APAP induced liver failure remaamsimportant healthcal
problem. The nutritional status of cysteis important to investigate because it is a nuti
prodrug of the antioxidant, glutathione (GSH). tirggexacerbates APAP toxicity |

depleting GSH that is required for detoxicatiorA&fAP-derived reactive metabolit (109).
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3.1.2 Fluxomics

Metabolism is dynamic and can be characterized by mass balance equdtiohs
depend on the flux rates and concentration of the various metabolites, defined by the
boundary conditions of the biological system. The comprehensive measurementwf the fl
rates is fluxomics. Intermediary metabolism is the first detectoharige with a
phosphorylation-driven reaction during signaling with consumption of ATP, or a toxic
inhibitor of specific reactions blocking flux, and therefore, is very sensitive tdetiosl
effects of drugs. In addition, most flux rates are determined at stestdyshile most
toxicants, by definition, affect metabolism and perturb steady-statect|ritfa mechanism of
toxic action of xenobiotics is defined by a cascade of pathological eveditsgea cell

death. This can be comprehensively elucidated using fluxomics, non-invasively;timeea

3.1.3 Methods

NMR supplies were obtained from multiple vendors. Sodium alginate, calcium
chloride, perchloric acid, sodium citrate, sodium chloride, potassium chloride, magnesi
sulfate, HEPES, bovine serum albumin, and 3-(trimethylsily)propionic-2,2,38idl (TSP)
were purchased from Sigma Chemical company (St. Louis, MO). Mono and dibasic
phosphate, and barium chloride was purchased from Mallinckrodt (Paris, KY). DMEM,
insulin, penicillin, streptomycin, and fetal bovine serum was purchased fromotyeit
(Carlsbad, CA). The 10 mm NMR tubes were purchased from Wilmad Labgtass In
(Miamisburg, OH), while Norprene™ and Silastic™ tubing, tube connector, pecistalti
pump, were from Cole Parmer (Vernon Hills, lllinois). The water bath and 500 nd ®ibc

reservoir culture bottles were from Fisher (Pittsburgh, PA). Biaveacid pieces were
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manufactured from Delrin™ and assembled as previously described (110). Mbdteriae

bioreactor life support units were previously described in earlier work (44).

3.1.4 JM1Cédl Culture

JM1 rat hepatoma cells (Michalopoulos Lab, University of Pittsburg) wetgredlin
DMEM medium (Invitrogen, 3 g/L glucose) supplemented with 10% fetal calf serum, 100
units/mL penicillin and 10@g/mL streptomycin (Invitrogen). Cells were grown in T150-
flasks (Fisher) at 37°C in a 95% air/5% £@cubator. For bioreactor experiments, cells

were trypsinized, washed in PBS and electrostatically encapsulated.

3.1.5 Encapsulation

Cells were encapsulated using an electrostatic bead generatioatapppl@scribed
previously (111) with modifications (110). Briefly, JM1 cells at density of 1%c#&ls/ml
were suspended in 2% sodium alginate solution at a 1:1 ratio. The resulting 18tealgin
solution containing 5 xFcells/ml was put in a 1cc syringe fitted with a 24 gauge
angiocatheter. The angiocatheter was pierced at the hub with a 27-gadige wkieh
served as the positive electrode for the electrostatic casting probessyringe was placed
in a syringe pump (Braintree Scientific BS-8000, Braintree, MA) and adasigch that as
droplets were ejected from the angiocatheter they would fall orthogon@lithe 150mM
CaCl, or BaC} saline solution bath (6.7 mM KCI, 142 mM NaCl, HEPES 10 mM at pH 7.4)
at #C. Encapsulates were transferred to culture media within two minutes to avoid
excessive exposure to calcium. The distance from the angiocatheter tipuddhe ef the

CaCl or BaCh solution was fixed at 2.5 cm. Pump flow rates were set within the range of
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0.75 to 1.5 mL/min. A grounded electrode was immersed in the;@a€lving bath. When
the syringe pump was turned on, in the presence of the high electrostatic p(dadté
kV), the sodium alginate solution was pulled away from the angiocatheter ity as t
droplets that polymerized into solid calcium alginate immediately upon conthdhe

CaClsaline solution.

3.1.6 In Vivo P and **C NMR Spectroscopy

In vivo 3P and™*C NMR experiments of the JM1 cells were performed on a narrow-
bore 14.1T Varian INOVA equipped with a 10mm broadband probe (Venus Probes,
Livermore, CA). The receiver frequency of the probe was tun&#tat 242.78 MHz and
13C at 150.92 MHz 3'P time courses were acquired before and after the drug treatment using
a TR=2s, nt=2028 and a 90° flip angt¥> spectra were zero filled to 40,000 points and line
broadened 15 Hz using Gauss-Lorentz apodization. NMR data was processsel witHi
ACD/Specmanager software (ACD/Labs, Toronto, Ontario, Candta)netabolites were
identified usingn-NTP (-7.5 ppm) as an internal referenC€ time courses at 1.2 min
temporal resolution were acquired during the drug treatment using a TR=256 rsind a

90° flip angle.

3.1.7 Drug Treatment

A 2 mM solution of bromobimane was prepared by bringing 45 mg of BrBi into
solution with 50Qul of DMSO. 10Qu of BrBi was added to 50ml of perfusion media to
produce a 40QM dose (5QuM in figures). A 2M dose (50QM in figures) was prepared in

50ml of media in a similar fashion by adding the appropriate amount of 2mM BrBbsolut
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Figure 3-3illustrates the experimental protocol whereby atiahl15-min *'P NMR
spectrum was acquired determine the viabty of the JIM1 cells, followed by -min *°C
spectravhile glutathione was synthesized overni Another 15-mir*P NMR spectrum wa
acquired, prior to the drug treatm to ensure the cells were still viable, iitbe input media
stream was switched frothe nor-drug media to the BrBitosed media for 10 minutthen
switched back to the natirug media.**C NMR spectra were obtained, afriin resolution,
throughout the dosingnte period, up to 2 hours to acquisition of the time course with tt
temporal resolutionafterwards a fine2'P NMR spectrum was acquired to determine

effects of the drug treatme

BrBi Experimental Protocol

10m

dose
31 31
3 13 P i3 P
P C Pre e ost,
| | 30m/spec |dosc= 1m/spec Eos
|15m | 17hrs [15m shie  H5ml
50uM
BrBi

T

K, )
1

Figure 3-3 Experimente protocol (top): 30-min specti@btained ove
nite for 15 hrs followed b 1-min drug treatment temporal resolut
(bottom spectral time cour:.

APAP experiments were conducted with three dose: mM, 25mM, and 5(mM. A
1 M solution of APAP was prepared by bringing mg of acetaminophen into stion with
2 ml of DMSO. The 2.5nM dose was produced by adding 1¢ul of APAP and 357.2 pl
of DMSO to 75ml of DMEM, resulting in a 0.5% DMSO concentratiolhe other twc

doses, 25 mM and 58M, were prepared in a similar fashicThe experiments ptocol

57



(Figure 3-4) was similar to that of the bromobimane experit except three dosir
protocols were concatenated one behind the otkier,tbe course of three daiEach dose
was administered in 7%l of perfusion media for 3 hours then the perfowas switched
back to the nomrug media to allow the glutathione to reach stestdie befor:

administering the next dose of AP

Figure 3-4 Three doses of acetaminophen drug treatment
3p and**C NMR acquisitions

3.2 Reaults
The bioreactor is inoculated with encapsulated &bl and perfused with mec
containing L-[3,3'¥*C2]cystine. Themetabolic model ofjlutathione synthesis ai
bromobimaneglutathione conjugatic is shown irfigure 3-5, along withthe various rate
constantsGlutathione is synthesized in two adenosine triphag-dependent stey
= First, gammaglutamylcysteine is synthesized fror-glutamate aniL-cysteine via
the enzyme gamr-glutamylcysteine synthetasaK.a. glutamate csteine ligase,

GCL). This reaction is the relimiting step in glutathione synthes

58



= Second, glycine is added to th-terminal of gammautamylcysteine via th

enzyme glutathione synthete

Figure 3-5 The metabolic model of bromobimane-glutathione
conjugation and excretion showing the various catgstants
involved. GSH, glutathione; K1b, GSH synthetic rdé&b
resynthesis, K2, G-Bi conjugation rate, K3, GS-Bi excretion;
BrBi dose, AUC

The toxicodynamic$or the two doses of bromobimane puM, 500uM) is shown in
Figure 3-6. A 15 min®'P spectrum is obtained pri(pre-dose}o switching the perfusio
media to"*C-cystine andromobimane (BrBi) showing that the cells are si#ible after the
overnight perfusionA subsequer 15 min®!P spectrum is also acquiratter (pos-dose) the
drug treatmenand as can be seen for the uM drug treatmentthe viability of the cells ha
not changed, indicating that the uM BrBi dose is non-lethal. Thear graph shows r
significant change in ATP and a little change iycgrophosphocholine (GP, which
reflects the lipids of the cell membraiHowever, the toxicity of the 500M BrBi dose

results in significant cell death as represeiits post-dose spectrum. TheNkFP peaks ar
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no longer visible, thus indicag that the 50@M dose is lethal. This is also reflected in

bar graph and the change in GPC indis there is major cell membrane dam

Figure 3-6 Experimental protocol antdP NMR spectra of
each bromobimane treatment. Bar graphs illustiadéage ir
metabolites.

The'3C spectra are obtained at 30 min intervals to elestire uptake of -[3,3'-
13¢C,]cystine, a precursor tglutathione (GSH), which reach®3C isotopic stead-state (i.e.,
no change if°C fractional enrichmenin 7 hrs during overnight perfusi@s shown ir
figure 3-7. The differential equatior(107) are solved fametabolic steadystate (i.e., no
change in metabolite concentratic resulting in thé>C labeled GSH concentrati¢
equationThe uptake curve, 4, is therefore fit with the equation y = (¥ resulting in
GSH-kia= 0.4263H + 0.785for both time courses used in the8@ BrBi dosessince
equivalent media concentrations are ust both experimentsA representative time cour
is shown infigure 3-7 and the associated curve fit from which the kinpacameter, ; was

obtained Unfortunately the 50uM dose had a decrease in GSH signal after a plataa
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reached and was not usddhis rate constant can then be utilized to deteerttie flux, whict
is reported iuM/h/10° cells The total glutathione concentration, [GS$H]ould not be
determined from this experimental protocol as taeyswould hive to be terminated on
GSH reached steadytate, to obiin the cell extractswhich is a destructive proct, and
would not permit the entire dosing phase of thequmal (Fig. 3-5, top) to be performe. The
[GSH]r shown was previously determined for JIM1 ¢(62), however it was conducted wi
a 2D cell culture which does not translate to tBep@rfusion environment of the fluidiz-

bed bioreactor utilized in the present experin

2-13C-Cysteine + :ﬁ:gxﬂn; Qs .K“ dIGSt'.]',E‘ i:,=r.|—<-1 !Eys,]u_rELESHl
B —_— = = Gon U S Rl Yo | T RgaFoii
Glutamate k4 S‘ k,[Cys*] = k,[GSH]
Y=1-gklat [GSH*] = [GSH](1-e*!=t)

K

T -

A
W
1 GSH timecourse 15
(hrs}

Figure 3-7 Overnight'*C timecourse and equations utilized to fit the
uptake curve oof L-[3,3-13C;]cystine and its subsequent
incorporation into [-**C-cysteinyl]glutathione (GSH).

The flux is fit from the growthnd decay curves depictedfigure 3-8. The solid line
represents the pulshvase experiment of BrBi ar*C-cysteine, lasting about 20 mins,
well as the concentration of BrBi. The cells wpegfused for 10 min with the toxicant th
the perfusion was switched tcedia containing L-[3,3**C2]cystine only. During the pul-

chase experiment’C spectra are obtained at 1 min temporal resolwtioich is suficient to
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determine the toxidanetics of diffusion of the toxicant, bromobimamepmobimane dos
glutathionebimane conjugation, and gluthic-bimane excretion in redgime. The are:
under the curve (AUC) was utilized to calculate 50eM and 50@uM BrBi dosage
concentrations of 114 and ¢, respectively. The reaction is spontaneous ameksents th
diffusion of BrBi into the bioreactor and the bead talabgut 6 mins to fully react with ¢
of the GSH. Br the 5uM dose the decay curve, kis fit with the equation y =" resulting
in GSH-k = 2.17h" whereas the glutathio-bromobimane conjugaticzurve, ls, is fit with
the growth equation, y = ¥, resulting in GS-Bi- k& = 2.74K". The decay curve s, is
found experimentally and represents the expoti@GSH conjugate from the cells a
fitting the curve with the same decay equation ", results in GS-Bi-l, = 1.1469". The
L-[3,3-1°C2]cystine label is taken up again as illustratg@I$tH-ky,.  This curve was fi
with theprevious growth equation, y =™, resulting in GSH-k = 1.3501* which is
faster than the initial ratef growth, GSt-kla, by a factor of 3. Asdicated previously th
500uM dose resulted in cell death there noneof the subsequent rates candetermined

for that experiment.

Yellow = 10-min dose
1-min spectral resclution

GS-Bi-ky, GS-Biky, 50uM
GSHk, GSH-kyy BrBi

J W GSH-k; =2.17h" Y=e*¥T, R?=0.966

® GS-Bi-ks, = 2.74h" Y=1-e*37, R? =0.975

e T T (e b B GSBi-ky, = 1146907 v=e'>7, R?=0975

u GSH-ky, = 04263h"  Y=1-g+T R? =0989

u.m;um;1flfhiinimuulmmlumuuu|hruhﬁnﬁlﬁnﬂnﬁtmmlmm " oS = 130 R

HAUC = 115 uM for 10 min

500pM
Actual BIBi
Hypothatical

N HGSHky =

Mﬂ-%a.kLmemalm

(=1 =4 'r.rn- SO

Figure 3-8 Toxicokinetict of bromobimane drug treatments.
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Figure 3-9 Summary of toxicokinetics study

For theacetaminophen study, tbioreactor is inoculated with encapsulated JM1s
and perfused with media containin-[3,3'-*C2]cystinejust like that of the bromobimar
study.However, the experimental results are in dark esttio that of the bromobima
experimentFigure 3-10 shows the 31P NMR spectra for all three dosingmegiA) 2 mM,
B) 25 mM andC) 50 mM. Asseen in the pre-dose and post-dose spe€iga3-10A), there
is no effect for the 2 mM APAP treatment and ligféect for both the 25 mM and 50 m
APAP treatmentsHig. 3-10B,C). For the latter two treatmentd\KFP concentrations dri a

bit after dosing.
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Figure 3-10 *P NMR spectra pre/post APAP dosing, A) 2 mM,
B) 25 mM and C) 50 mh

Figure 3-11 illustrates the*C NMR toxicokinetics of glutathione during the \@rs
acetaminophen treatments. % the APAP treatment media contalfS-cystine and not L-
[3,3'-1%C2]cystine what is shown is the washout of **C-labeled [GSH].The equation
are with respect to GSH synthesis and conjug with N-acetyl-pbenzoquinone imin
(NAPQI). The GS-NAPQtonjugatewill only be formed if there is cytochrome P4
enzyme activitySince there is no P450 activity, the rate constgs, is negligible anc
therefore the rate dfC-labele(GSH] washout is equal to the rate,, f *°C-cysteine
incorporation. Arinteresting observation is the sinusoidal dampesedlation of the
washout that is attributable to either the petistahotion of the perfusion pump
homeostasis. However, the oscillation was stédlspnt after stopping the pump therefo

futureinvestigation into homeostatis of GSH synthesisasrantec
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Figure 3-11 Toxicokinectics of APAFdrug treatment and equations
representing GS-NAPQI conjugation.

The aim of this study is determine if JM1 hepatoma cells have sufficient@
activity to metabolize APAP through its toxic patyg. Several pathways are targete
shown infigure 3-12 to determine how JM1sre metabolizing acetaminophen. Analysis
the media withH NMR indicates thathe toxic reaction, #-oes not occur implyir no
P450 activity. The effect dIAPQI on the TCA cycle, #2, is negligible as shown in3'P
spectralfig. 3-10) indicating no drp in ATP. A drop in ATP would resuilh a positive
feedback on glucose thabuld then be converted to pyruvate, ultimatelydfag into the
TCA cycle to produce more ATP. However thiss not occur during APAP dosing a
pyruvate is converted to lact instead. Glucose consumption and lactate production 1

are determined from tH€C NMR spectra of the bioreactor during drug treatn
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Figure 3-12 Targeted pathways of acetaminophen metabolism.

The media is also analyzed for the AF-Glucuronide conjugaténat is formec
during nontoxic metabolism of APA. Figure 3-13A is a'H NMR spectrum of th50 mM
APAP controlmedia. The single peak represents the 1 prot-glucose (22.5 mM;
whereas the two peaks represent the 2 protons APAP.8 mM). Of interest is tr
glucuronide peak thas due to the effect of albumin binding as a restithe 10% feta
bovine serum (FBSh the medi (112). There is no increase in the glucuron
concentration, as seenfigure 3-13B, thus indicating there is nmeasureable metabolism
APAP. There is also a delayed washouAPAP (~ 1hr) when switching to n-drug media.
This is unexpected and could be due to APAP bindorgewhere in thbioreactor perfusio

system.
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Figure 3-13 Media analysis of APAP metabolites *H NMR.

The glucose consumption and lactate productiors i@te determined by fitting tt
plots shown irfigure 3-14A. Of initial notice is that the slope of the lactatet appears t
be fairly equal and opposite to the slopea-glucose an@-glucose. There also appear:
be no significant difference in rates between thied APAP treatments. The actual ra
given infigure 3-14B, confirm that the Ictate production rates aapproximately equal t
the sum of the two glucose consumptrates for each of the treatmenfBhese rates aalso

in alignment with that found in a previous stiof IM1 cells (62).
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Figure 3-14 Glucose consumption and lactate production

3.3 Discussion

The before and aftéfP NMR spectra of the 5/ BrBi doseindicate that the cell
are viable and their biochemistry has not changed the course of the experiment (~28hr
The JM1s were just as viable at 28hrs as they atettiee beginning of the experiment, wh
indicates that subsequent d-dose studiesould have been conducted with the same ¢
The toxicokinetics obtained from t**C NMR spectraletermined the glutathione synthe
rate to be 7hrs, whereas the bromobinconjugation and G®i export rates are 7mins a
1hr, respectively.The glutathione synthesis rate of 500uM experiment is the same as t
of the 5QuM experiment whereas the bromobimane conjugatiorwageapproximately twic
as fast (3mins). Howevehd toxic effects of the 5@/ dose resulted in cell death as
shown by thé'P spectra, whe the ATP is no longer visible, therefore the-Bi export rate
could not be determine@he ATP/ADP concentration **P NMR spectra is a maj
pharmacodynamic measure in toxicology, becaud®iws for the direct observan of cell

bioenergetics over the course of the drug doserempet For the first time, thmetabolism
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of a xenobiotic, bromobimane is determined with 1 minute temporal resolution, suffecie
determine the toxicokinetics of diffusion of the xenobiotic doses, and glutathionaebima
conjugation and excretion in real-time. The study shows previously uncapturedeadwy-st
state kinetics of the glutathione feedback mechanism that rapidly seffletglutathione

pool. Within the same study, pharmacokinetic parameters of adenosine chaagellutar

pH indicative and sugar phosphates indicative of glycolysis, and phospholipids intgesedi
indicative of membrane synthesis are obtained as toxicodynamic parsugeantifying
metabolic effects of the xenobiotics. This biotechnology will permit rapid disg@ie

toxicology in a realistic model of liver toxicology.
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4  Effect of Oxygen in a NMR-compatible Fluidized-bed Bioartificial Liver
4.1 Introduction

NMR studies of cell preparations permit the monitoring of cell composition, and
contributions from immune, endocrine, paracrine, and physico-chemical parsumett
afforded in intact or perfused organ systems [for reviews (34-39)]. Since 1973, four
categories of NMR-compatible mammalian cell perfusion systems kaired (9): (1)
suspension (40), (2) entrapment (41-43), (3) microcarrier (37,45), and (4) mend@ane (
The most widely applied method is the entrapment technique whereby cellsrailized
in threads of agarose (61) or alginate (41,43). Initially, NMR-compatible lotorssgor
hepatocytes, or bioatrtificial liver (BAL), used hepatocyte suspensions, bubfuaod
viability only persisted for several hours before hypoxia caused cell (fed€h49,50). This
simple BAL evolved to perfusion systems where hepatocytes were encapsuladdagen
threads (51-57), alginate spherical encapsulates (58-60), or inoculateteimtarane
bioreactors (7). All early BAL studies used non-physiological concemtisatf oxygen,
typically 95:5 oxygen:carbon dioxide (carbogen) (47) in order to overcome hypoxia, whereby
in vivo, the blood has hemoglobin, acting as an oxygen buffer, to reduce the oxygen gradient
across the liver.

Although NMR-compatible BALs have been used for three decades (47,48) khe lac
of long-term cell viability and simplicity of bioreactor operation has hindésedidespread
application. In this work, a simple fluidized-bed NMR-compatible bioreactorsisritbed

containing sodium alginate encapsulated hepatocytes with a uniform spheriocaifl 258



um, the limit of oxygen diffusion in BALs (113), which is a function of its diffusion

coefficient and consumption rate. In previous studies, diffusion distances were on the orde
of 500-1000um (51-60)and entrapped cells were in a stationary packed-bed, which is subject
to channeling causing heterogeneous perfusion and oxygenation (47). Chaisneling
eliminated in the fluidized-bed bioreactor where encapsulates are in cdrestafiadl similar

to the NMR-compatible spheroid bioreactor (73). Percolating the encapsulates and
minimizing the diffusion distance insures homogenous perfusion achieving robust nutrient
mass transfer.

In this study, an existing life support system, and bioreactor (107) wereeddayf
inoculating with alginate-encapsulated hepatocytes. Four oxygen treatneeatiested for
maintaining viability: (1) carbogen, (2) 75:20:5 nitrogen:oxygen:carbon dioxide, (3) 60:35:5
nitrogen:oxygen:carbon dioxide and (4) 2 hr carbogen followed by 25 hr of 75:20:5
nitrogen:oxygen:carbon dioxidn vivo **P NMR spectroscopy non-invasively monitored B-
NTP levels, a direct measure of viability (39), which were also validatéisbylogy. Lastly,
in silico modeling predicted the profile of oxygen concentration across the encapsulate, and
oxygen concentrations were empirically determined for each treatsiagtaxygen
electrodes placed inside the bioreactor. The goal of the present study is srmaint
hepatocyte viability for at least 24 hr, which is longer than the 8 hr that is cutitestl
longest published time of survival (114). In addition, hepatocytes are exquisitedyttune
oxygen tension, induced to produce erythropoietin in low oxygen, and overproducing
reactive oxygen species in the mitochondria at higher oxygen tensions. Thénafive*C
NMR labeled nutrient included in the media was used to characterize metabolesthenc

optimum oxygen tension was determined.
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4.2 Methods

NMR supplies were obtained from multiple vendors. Sodium alginate, calcium
chloride, perchloric acid, sodium citrate, sodium chloride, potassium chloride, magnesi
sulfate, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEP&®)ne serum
albumin, and 3-(trimethylsily)propionic-2,2,3,3-acid (TSP) were purchased from Sigma
Chemical company (St. Louis, MO). Mono and dibasic phosphate, and barium chloride were
purchased from Mallinckrodt (Paris, KY). Dulbeco’s modified Eagle’s medDiiEM),
insulin, penicillin, streptomycin, and fetal bovine serum were purchased frotrofyen
Corp. (Carlsbad, CA). Gibco Inc., a subsidiary of Invitrogen Corp., also made custom
DMEM media for the*C NMR studies, without glucose, glutamine, glycine, and phenol red,
which also has no alanine in the standard formulation (formulation No. 07-5058EB; Cat. No.
12100-046). For the Clark electrode, saturated potassium chloride solution was purchased
from Mettler Toledo AG (Schwerzenbach Switzerland), and silver and platintewere
purchased from Goodfellow Corp. (Oakdale, PA). The 2+1 channel PC digital oscilloscope
(DS1M12 "Stingray") with accompanying software was purchased from bSRiiments
(Hillsboro, OR). Deuterium oxide was from Cambridge Isotope Laboratoriedof4er,
MA). The 5 and 10 mm NMR tubes were purchased from Wilmad Labglass Inc.
(Miamisburg, OH), while Norprene™ and Silastic™ tubing, tube connector, pecistalti
pump, were from Cole Parmer (Vernon Hills, Il). The water bath and 500 mL Gibco™
reservoir culture bottles were from Fisher (Pittsburgh, PA). Biaveacid pieces were
manufactured from Delrin™ and assembled as previously described (110). Mdterthk

bioreactor life support units were previously described in earlier work (44).
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4.2.1 Bioreactor Design and Life Support System

Alginate-encapsulated hepatocytes were perfused in a 10-mm screw-capub@/IR
(Fig. 1). A DelrinTM fixture provided aseptically-sealed input and output ports. The
encapsulated cells were retained in the BAL by a fabricated finned b&fl800um holes.
FEP Teflon® tubing (0.8 mm I.D. x 1.6 mm O.D.; Cole Parmer, Vernon Hills, IL) was used
to transport medium to the bottom of the NMR tube. A second FEP Teflon® line (1.6 mm
I.D. x 3.2 mm O.D) was used to remove the medium above the end piece. To maintain the
temperature at 37° C, both the input and output lines were water-jacketed with Norprene®
tubing (9.525 mm 1.D. x 15.875 mm O.D.; Cole Parmer, Vernon Hills, IL).

Perfusion media oxygenation was provided with a previously described (44) gas
exchange module (GEM). Clark electrodes for dissolved oxygen measurements were
fabricated from DelrinTM using platinum and silver wire contained in a solutiortwisad
potassium chloride position behind a semi-permeable membrane. Two electrodes were
located in the inlet and outlet lines and interfaced to a laptop computer through a@mélch
PC digital oscilloscope, DS1M12 "Stingray" analog to digital converter. Tloeded
oxygen measurements were utilized to calculate the oxygen concentrationanidos
oxygen treatments. Culture medium was re-circulated at 3 mL/min through¢bpsulated

cells with a peristaltic pump (Masterflex, Cole Parmer, Vernon Hil)s,

4.2.2 Hepatocyte I solation Procedure

All animals were humanely housed and treated in accordance with guidelithgs s

the Institutional Animal Use and Care Committee of the University of NontbliGa.
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Sprague Dawley rats (Charles Rivers, Frederick, Md) were housed $#&thradark cycle

and allowed water and food ad libitum. The rats were anesthetized with NerGtujaj/¢

body weight), and the hepatocytes were isolated following a two-step caltsgparfusion

of the liver (115). After isolation, the hepatocytes were incubated at 37° C in-Rietpsr-
HEPES (KRH) (116 mM NaCl, 5mM KCI, 1mM KH2R(2.5 mM MgSQ, 2.5 mM Cad],

25 mM HEPES, 1% BSA, pH 7.4) for 10 min. While at 37° C, the cells were gently mixed
every 2 min. Next, the hepatocytes were settled for 15 min on ice and the top layer was
removed. Lastly, the cells were washed in KRH and pelleted at 50 x g three tifteesthé\
final spin the hepatocytes were resuspended in KRH and cell number and viadslity w

assessed by trypan blue exclusion.

4.2.3 Encapsulation Methods

Cells were encapsulated using an electrostatic bead generatioatappl@scribed
previously (111) with modifications (110). Briefly, rat hepatocytes at densitydf0
cells/mL were suspended in 2% sodium alginate solution at a 1:1 ratio. The resdlting
alginate solution containing 3.5 x107 cells/mL was put in a 1cc syringe fitted withaugé
angiocatheter. The angiocatheter was pierced at the hub with a 27 gadigewtach served
as the positive electrode for the electrostatic casting process. Tigesyas placed in a
syringe pump (Braintree Scientific BS-8000, Braintree, MA) and archegeh that as
droplets were ejected from the angiocatheter they would fall orthogon@lithe 150mM
CaCl or BaC} saline solution bath (6.7 mM KCI, 142 mM NaCl, HEPES 10 mM at pH 7.4)
at 4°C. Use of barium rather than calcium in cross-linking the carboxylate groalgsnaite,

results in stronger and firmer encapsulates (116). This was tested to eeei$tig
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encapsulates would maintain structure better over the 28hr period. Ultima@pwas

used. Encapsulates were transferred to culture media within two minutesd@xacessive
exposure to calcium or barium. The distance from the angiocatheter tip to Heesafrthe
CaCl or BaC} solution was fixed at 2.5 cm. Pump flow rate were set within the range of
0.75 to 1.5mL/min. A grounded electrode was immersed in the,©aBhC} receiving
bath. When the syringe pump was turned on, in the presence of the high electrostatic
potential (ca 6 kV), the sodium alginate solution was pulled away from the angiecdip
as tiny droplets that polymerize into solid calcium alginate immediat@ly apntact with

the CaCJ or BaC} saline solution.

4.2.4 InVivo*P and *C NMR Spectroscopy and BAL Operation

The 10 mm NMR tube and loop was autoclaved or sterilized with ethanol and laid out
to dry in a laminar flow hood. The entire loop volume is 50 ml and about three volumes, or
150 ml, of DMEM were rinsed through the entire loop prior to inoculation of 1.5 ml of
encapsulates. The cell density is 3.5 X H€patocytes/ml of encapsulate and perfused at 3
ml/min. The waterbath for the GEM and water-jacketed lines, and the temperhthe air-
heated NMR probed were set td°37, and the spinner and the 10 mm NMR tube containing
encapsulates was inserted into a 10 mm fiberglass spinner and lowered into tae Addn
one-pulse was used to shim on water and line widths of typically 25 Hz were routinely
achieved prior to start of vivo 3'P NMR spectroscopy. The 13C media contained 25 mM 2-
13C-glucose, 4 mM U3C-glutamine, and 2 mM £C-glycine, and was switched with the

12C media after 20 hrs 8P NMR monitoring, andh vivo **C NMR spectroscopy was
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acquired for 3.5 hrs prior to ending the study and extracting the hepatocytesfor hig
resolution NMR analysis.
In vivo *'P NMR experiments of the primary rat hepatocytes were performed on a narrow-
bore 14.1T Varian INOVA NMR spectrometer equipped with a 10mm broadband probe
(Venus Probes, Livermore, CA). The receiver frequency of the probe was tufiedto
242.78 MHz. A one-pulse sequence with a sweep width of 10,000 Hz and 16K complex data
points, using a calculated Ernst angle of 771682nd a 2 s repetition time. NMR data were
processed off-line with ACD/Specmanager software (ACD/Labs, Toromittayi®, Canada).
The signal-to-noise function in ACD software was used to calculate thé-Bgmaise ratio
of the B-NTP peak in the various in vit® NMR spectra>'P metabolites were identified
usinga-NTP (-7.5 ppm) as an internal reference. Spectra were peak-fittedhsiGguss-
Lorentz apodization and plotted as ratios of their absolute peak area at eachriime poi
relative to totaf'P peak area or relative other individual peak area iftthepectrum for
each given time point. The chemical shift of inorganic phosphate (Pi) relativ T® was
used to calculate intracellular pH (117).

For the optimal oxygen concentrationyivo *C NMR studies were performed for
3.5 hrs, after 18 hrs of vivo 31P NMR monitoring of viability, in order to characterize
metabolism. The 10 mm broadband NMR probe was tuned to 150 MHZCtfrequency;,
and a 90 degree flip angle with WALTH decoupling during acquisition with a 50% duty
cycle. That is, acquisition time was 1s and interpluse delay was 1s, resultigg re@etion

time.
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4.25 High Resolution *H NMR Spectroscopy

'H NMR of the metabolomic footprint was performed as previously described (72)
using a 14.1 T INOVA NMR spectrometer equipped with a 5 mm inverse detection probe
(Nalorac Corp., Martinez, CA). The samples were prepared with 540 ul of media and 60 pl
of deuterium oxide containing a final concentration of 1.43 mM TSP. A one-pulse sequence
with a 1.5 s presaturation pulse was used with a sweep width of 8192 Hz and 32K complex
data points, resulting in an acquisition time of 4 s. This sequence used a 90° flipi#imgle
an 11 s inter-pulse delay, and therefore a total repetition time of 15 seconds with 32
transients. The FIDs were processed with a 0.5 Hz exponential, zero-filled to 64K
datapoints, and Fourier transformed into the frequency domain. Absolute sample
concentrations were determined using Chenomx NMR processing softwardd Abemnada)
using TSP as the concentration reference. Consumption and production ratescuttedal
as the millimolar difference between the beginning and end of the experinmaetal t

resulting in units of mM/hr/106 cells.

4.2.6 Histology In Vivo*P NMR Spectroscopy

Encapsulated hepatocytes were fixed for 24 h at 4 °C in 1.5% paraformaldehyde in
phosphate buffer (30 mM NaH2PO4, 45 mM Na2HPO4). After fixation, the encapsulated
hepatocytes were washed twice with PBS (137 mM NaCl, 2.7 mM KCI, 8.10 mM Na2HPO4,
2 mM KH2PO4 , 0.49 mM MgSO4 and a pH of 7.4) followed by three washes with 70%
ethanol, 95% ethanol, and 100% ethanol. Lastly, the encapsulated hepatocytes heale was
for 45 min with toluene. After transferring the encapsulated hepatocytesltmperaended

metal containers in a warming box, paraffin wax was added to the metal contagher, a
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allowed to sit for 15 min at 55 °C. The melted wax was aspirated and fresh parafpiatwa
into the metal container. After 15 min, the encapsulates were put into a plastio/inict
was refilled with paraffin wax. After cooling to room temperature, the lblack was
removed from the mold and cut into 9 um sections and put onto charged slides.

The slides were regressively stained by hemotoxylin and eosin. Brieflsljdee were
washed twice for 10 min in toluene, twice for 3 min in 100% ethanol, twice for 3 min in 95%
ethanol, and once in 70% ethanol for 3 min. After rinsing the slides for 3 min in water, they
were put for 3 min into Gil's 1x Hemotoxylin and rinsed twice in an acid-alcohol @ol{itD
mM HCI in 70% ethanol). The slides were rinsed for 5 min in water, and soaked for 1 minute
in ammonium hydroxide (35 mM). After a brief rinse in water, the slides waireest for 1
min with picro eosin (1.6 g Eosin Y in 144 80% ethanol with 16 mL of saturated 1.22%
picric acid) for 1 min. Lastly, slides were dipped twice in 70% ethanol, twice ine3b&nol,
once in 100% ethanol, and soaked for 6 min in xylenes. A cover slip was added with

permount glue.

4.2.7 Oxygen Electrode Construction and M easurement

An improved Clark micro-electrode (118,119) was constructed using materials
described above. Continuous recording of oxygen tensions was conducted by polarography
(118,119), which is effective especially for oxygen measurement in slow-flowingdiqui
The size of Pt-Ag sensor was reduced to 1 mm in diameter, and the chambledvwagh
saturated KCI electrolyte and covered with a latex membrane, insteadaf. Eefamined
liquid flowed through a tiny gap (~0.5 mm); the sensor’s latex membrane waitetein

one wall of this gap. The flow rate (3 mL/min) was fast enough to equilibrateidiffas
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oxygen through the membrane into the electrolyte. To eliminate failures edéws
consecutive sensors and averaged outputs. Oxygen micro-electrode calibration was
performed before each experiment using 95% and 20% oxygen mixes and nitrogen as the
calibrate for 0% oxygen. The same procedure was repeated after eachmerpand the
averaged data was used as the calibration. Several experiments wereechwatiodut

cells, to determine the actual oxygen concentration of the input media. Thishieaeddy
placing the oxygen micro-electrode in-line at the end of the input media lineatsune

oxygen concentrations where the media is first delivered to the beads. Tenepsestur
controlled at 37°C and the oxygen micro-electrodes were insulated to prevent a drop in
temperature. Results of these measurements indicated that the media contair@s20%

and 95% oxygen concentration upon delivery to the beads for the respective experiments.

4.2.8 Modeling of Oxygen Gradientsin the Encapsulates
To make a steady state approximation of the oxygen diffusion, the one-dimensional
heat equation was fit by Dr. Kayvan Keshari (University of CalifornisaatfSancisco)

using Matlab 7.5 (Mathworks) using the equation below (113):

é = Dnormal{@j q Eq 4

a )
Where Dnormal is the diffusion coefficient and assumed to be 0.6 x 10-9 m2/s (47) and q is
the cellular utilization rate assumed to be 0.4 nmols/s/106 cells (87), assumingrfdr
cm3 is equivalent to 2.5 x 108 liver cells (47). Although consumption rates in 2D hepatocyte
cultures have ranged from 0.2 to 0.7 nmols/s/106 cells, 0.4 nmols/s/106 (87) has been used in
previous in silico studies to derive oxygen profiles (47) in 3D bioreactors (113udlathe

was obtained knowing the number of cells per encapsulate volume in the bioreacer. The

79



were plotted versus time and diffusion distance for each of the three conditions (20%, 35%,

and 95% oxygen).

4.3 Reaults

Encapsulates are suspended in the bioredeétgur(e 1-6) and perfused with
oxygenated cell culture media. In this suspension, encapsulates arecpatfasate that
causes them to percolate to avoid stagnation and then future channeling. Encagsulates
kept in a fixed volume and a closed system, so the fluidization results from the density
difference between the encapsulates and the fluid. The downward pressutieefidosed
system and gravity is counter to the upward velocity of the laminar fluid thoxsilcg a
convective motion of encapsulates.

Figure 4-1 depicts stack plots of the in vi?d® NMR spectral time courses of
encapsulated rat hepatocytes perfused with 20%, 35%, 55%, and 95% oxygen from t=0
(bottom) to t=28hr or until thp-NTP resonance was undetectable. The signal-to-noise ratios
(SNR) of B-NTP from the first spectrum of the series are 4.9, 5.9, 7.2, and 6.9 for 20%, 35%,
55%, and 95%, respectively. With 20 % oxygEig(re 4-1A), the hepatocytes never
recovered from the hypoxic shock of isolation 8AdTP was not visible at 10 hr as shown
in the graph of-NTP in figure . Interestingly, the intracellular Pi peak decréaser time
(Figure 4-1A) and a plot of intracellular Pi versus extracellularfPgr e 4-3A) paralleled
theB-NTP time courseRigure 4-2A) suggesting that this is also a measure of cell viability.
The beginning of thf-NTP time course shows a period of increased signal intensity
indicative of recovery to hypoxic shock as a result of the isolation procedure. lioaddit

anaerobic glycolysis likely increased due to lack of
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Figure4-1 Stack plot of in viva'P NMR spectra time course of encapsulated rat bepias perfused wit
20% from 0 to12 hrA), 35% from O to 27hrB), 55% from 0 to 20 hrQ@) and 95% oxygen from O to t=12
(D).
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oxygen as supported by the relatively low intracellular pH of caFigu e 4-4A) resulting
from lactic acid accumulation. The decrease of intracellular Pi over tiigeire 4-3A)
indicates cell death without recovery from the hypoxic insult during theimolatocess
(Figure 4-2A). The relatively high sugar phosphate peak area can also be a measure of
anaerobic glycolysis since sugar phosphates are used in glycolysis (120)sdngheat in

the 20% treatmenf{gure 4-1A).
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Figure 4-2 Graphs of-NTP/Pi from hepatocytes perfused with media subpedo 20%, 35%, and 55%
oxygen (A), and 95% oxygen (B) treatments. Notd tB&%, #1” and “95%, #2" are hepatocytes that were
encapsulated using barium rather than calcium.
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With 95% oxygenKigure 4-1D), the hepatocytes gave a robpti TP signal, and the
spectral SNR was superior to the other treatments. The beginningfeN{fé time course
shows that the cells had already recovered from the hypoxic isolation processfaant g+
NTP was still increasing~{gure 4-1D). The cells were perfused with a media volume of 500
mL, and there were minimal nutrient concentration variations over the course of the
experiment as verified by 1H NMR analysis of the media samples. Howeveellthe c
abruptly died by 11 hrs as shownfigure 4-2B indicated by a dramatic drop faANTP
levels starting at the 7 hr time point. Overall, there was no difference PtNMR time
courses between BaCl2 and CaCl2. To avoid possible toxicity that would not be detected by
3p NMR, CaCl2 was used with the other oxygen treatments, although it has been duggeste
that the chelated barium in alginate encapsulates is not available to tltiedltsits
relatively high affinity for the carboxylates in alginate (116). In addjtunlike the 20%
oxygen treatment where the intracellular Pi peak was always preseapmesaed at 5 hrs
(Figure 4-1D) and the intracellular Pi versus extracellular Pi peak area ratiked the-

NTP time course after 5 hrs, indicating cell death as in the 20% treatingunte(4-2B). The
intracellular pH was initially similar to that of the media, pH 7.4, but shiivepH 7.1 at 5

hrs Figure 4-4B), and paralleled the trend of intracellular Pi versus extracellularaRi pe
area ratioffigure 4-3B). Interestingly, there was a relatively large sugar phosphakeapea
initially during recovery from isolation, which decreased until 7 hrs whevérsed and
increased until the end of the experimdfig(re 4-1D). This same pattern was also seen in
the two studies of barium encapsulates. This indicates that glycolysigyimitged high due

to the hypoxic isolation process as indicated by the high sugar phosphate peklgarea (

4-1D), but rapidly recovered its normal pH by the first spectrum, and maintained normal pH
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(7.4) for 5 hrs when it shifted to pH 7.Bigure 4-4B). The glucose, pyruvate, and glutamine
consumption rates and lactate and alanine production rates (72) in the calcipsuktesa

were 46.7, 13.1, and 24.0, and 28.4 and 5.9 pM/s/106 cells, respectively, demonstrating that
only 37% of glucose formed the anaerobic glycolytic end-products, lactatéaamea This

data suggests that aerobic metabolism was prominent during the first 7 hrs and minima
lactate and alanine was formed. Then, hepatocytes switched to anaerobicsiyeoky

ultimately by 11 hrs, even glycolysis was not sufficient to maintain viabillhg SNR of3-

NTP in the*’P NMR spectraRigure 4-1D) was higher than the 35% treatmefig(r e 4-

1B) suggesting a higher energy charge per unit cell in the first 7 hr of perfusiof5t

oxygen perhaps due to a higher mitochondrial metabolic rate resulting in legblsrof -

NTP.
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Figure 4-3 Graph of Pi(int)/Pi(ext) from hepatocytes perfusdth media subjected 20% and 35% oxygen
(A), and 95% oxygen (Blreatments. Note that “95%, #land “95%, #2" are hmatocytes thi were
encapsulated using bariuather than calciur

The secontbest oxygen treatment for maintaining viability vB86. The3-NTP

signal-tonoise ratio (SNR= 5.9) was similar to that of t8®oxygen treatment (SNR=6.!

by comparing théirst few spectra fronFigure 4-1B andFigure 4-1D. TheB-NTP time

course proved that 35% oxygen treatment achievedaal of maintaining hepatocy

viability for 24 hrs and the trend was linear aodld have gone longe
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Figure 4-4 Graph of intracellulapH of hepatocytes perfused withedia subjected to % and 35% oxygen
(A), and 95% oxygen (Blreatments. Note that “95%, #land “95%, #2" are hepatocytes 1 were
encapsulated using bariuather than calciur

The intracellula Pi to extracellular Pi peak area ratio decreaaed,eventually becom:
indistinguishable from the extracellular peak sigfjigg a full recovery from thisolation
procedure by 12 hré-(gure 4-3A). The intracellular pH of the 35% treatment wasahy
similar to that of the 20% treatment (pH 7.0) becapnormal (pH 7.4) by 8 hre<Figure 4-
4A). In addition, there is a relatively high sugaopphate peak that decreases over

paralleling the deease in intracellular ptFigure 4-1B). These data thicate an initia

86



reliance on glycolysis, which dissipates by 8 hrs. The glucose, pyruvate uéanaige
consumption rates and lactate and alanine production rates (72) were 24.6, 15.5, and 4.7, and
48.0 and 4.6 pM/s/106 cells respectively. This is a lower glucose consumption rateetbmpar
to 95% oxygen (46.7 pM/s/106 cells), suggesting that 95% oxygen treatment results in a
higher metabolic rate with more oxygen availability. Both values of glucose cptisnrare
within the normal range for hepatocyte cultures (Macdonald et al., 1999). In the 9§&noxy
treatment, lactate and alanine production was about half that of the 35% oxygemtreatme
However, 37% and 100% of the glucose consumed in hepatocytes from the 95% and 35%
oxygen treatments, respectively, resulted in anaerobic glycolytic end-pgodibs suggests
that the majority of 35% oxygen treated encapsulates were hypoxic even theugh t
intracellular pH returned to normal, 7.4, by 11H¥syQre 4-4A).

Figure4-5is a representative 15 minutevivo 13C NMR spectrum after 30 min of
perfusion inA. This is the second spectrum of the time series shoBnTihe large signal
from media are shown ifigure 4-5B, but one can observe the increase of two peafG2-
lactate (~69ppm) and [PC-glycyl]glutathione peaks, resulting fromt2=-glucose and 2-
13C-glycine, respectivelyigure 4-5C shows how the lactate production rate is obtained
from the time series. The peak is referenced to the 25 mM glucose peakd3) and the
slope is then multipled by two since two moles of lactate (one labeled that ergexhsand
another unlabeled that we do not observe) are produced from one mdfi€eflReose, but

the'3C NMR only detects th&C labeled lactate, not the mole'dE-labeled lacate.
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Figure 4-5 Representative’C NMR spectrum of rat hepatocytes
perfused with DMEM containir 25 mM 23*C-Glucose, 4 mM U-
¥C-Glutamine, and 2 mM-**C-Glycine at time = 30 minX), and
the respectivtime series uptake showing primarily-&-lactate
(~69ppm) and [-13C-glycyl]glutathione peaks increasing ober
3.5 hrs B). The lactate production ratedsrived from fitted pea
area C).

Figure 4-6 shows the histological sections of a representa&inapsulate perfused w

media at 35% (A) and 95% (B) oxygen concentratiemadnstrating the difference
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appearance and viability of the cells. One can aseellular debris and some blebs in
encapsulateseated with 95% oxygelFigure 4-6B). Higher magnificatia of the
hepatocytes ifrigure 4-6A treated with 35% oxygen revealed nicely stainedeiwdgth

some dividing, punctate mitochondria, and -free cell membranes on nearly all -

Figure 4-6 The histology of the encapsulates with 35% (A) &@fPb6 (B) oxygen treatmen
demonstrating the appearance of the cells, andigiigbution of viable cells. Note the abundanceeif
debris in the 95% treatment.

hepatocytes. Hepatocytes were similar in appearanather viable hepatocytes
histological images of collag-encapsulated hepatocytes in Idegn culture inside
bioartificial liver (99,121,12Z. Also, both encapsulates are spherical and appairily 50C

pm diameter.
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Figure 4-7 showsthe difference in the in silico oxygen concentmatoutto a radius of

1 mm for 20%, 35%, and 95% oxyg Rather than gsenting standard dimensionl
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Figure 4-7 The in silico oxygen
concentrations for 20%A(), 35%
(B), and 95% ) across the
encapsulates showing the radius in

mm along the x axis and time along
the y-axis.

parameters, such as the Theile mo(47), to illustrate the oxygen mass transfe
encapsulates of different diffusion distances, phesentation of oxygen concentrat

profiles versus time relates t points important for the study: (1) the time to gag
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equilibration in the encapsulate, and (2) the oxygen concentration for a given diffusion
distance. The y-axis is time and the x-axis is distance with 10% oxygen having a
concentration of 0.1 mM. Immediately one observes a major difference in thestijmred

to reach a steady oxygen concentration. For example, for 0.5 mm and 1 mm distance in the
95% oxygen treatmenE{gure 4-7C) requires 200 s (3.7min), and 1000 s (16.7 min),
respectively, for a stable 35% oxygen concentration to be reached. Howevemdus pri

point of these graphs is to compare the three different oxygen concentrations at 0.25 mm, the
diffusion distance of encapsulates used in this study. For example, at 200 s, the oxygen
concentration for 20%, 35%, and 95% at 0.25mm is 7%, 15%, 60%, respectively. For this
study the radius was 0.25 mm, and one can see that the estimation of oxygen concentration
gradient for the 95% oxygen treatment results in a toxic level of oxygen throughbetihe

or hyperoxic, whereas the 20% oxygen treatment may become hypoxic in threotéimee
encapsulate. This in silico model of oxygen concentration across encapsulatessbpport
empirical data, which demonstrate 95% oxygen causes hyperoxic and toxic oxygen
concentrations resulting in hepatocyte death. The model shows it takes about tws fomute

the oxygen levels to reach a fairly steady plateau throughout the encapsulate.

4.4 Discussion

Although NMR-compatible BAL technology was first introduced three decapes a
there is still no report of a long-term device, longer than 8 hr (58-60), for grimar
hepatocytes. The primary reason for this is insufficient oxygenation of thiobes.
Hepatocytes require relatively high amounts of oxygen. The oxygen bufferingtgagia

hemoglobin, which increases oxygen concentration nearly two orders-of-magnitude,
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maintains an oxygen gradient across the acinus of 8% to 3% where blood exits tid&)iver (
To date, there is no publication on a NMR-compatible BAL describing the vialility a
longevity of cells with systematic increments of oxygen concentratidreipérfusate. All
studies report durations of 8 hr or less after inoculation in the BAL.

According to our data, these cells likely would have died at ca 10 hr after inoculati
in the bioreactor due to hyperoxemiadur e 4-2). Our data suggests that during the first 5 hr
of perfusion with 95% oxygen the hepatocytes recover from the hypoxic isolation process
(Figure 4-2B andFigure 4-3B) and the’'P NMR spectraRigure 4-1D) are similar to''P
NMR spectra from intact liver (7). However, by 8 hrs the B-NTP decrelises ¢ 4-2B),
while the intracellular pH decreasésdure 4-4B) and sugar phosphates increasegure
4-1D) indicating an increase in anaerobic glycolysis. This increase in amaghptmlysis is
likely due to oxidative damage to mitochondria affecting aerobic metabolism, and the
hepatocyte then turns to cytosolic production of ATP. This is supported by the appeadranc
an intracellular Pi peak at pH 7.0 at 5 Hfgg(ire 4-3B) that increased relative to Pi from
media. Our in silico modeFgure 4-7C) and others (87,123) predict hyperoxemia
throughout the encapsulate with 95% oxygen. Also supportive of the initial aerobic
metabolism is the finding that only 37% of the glucose consumed formed the anaerobic
glycolytic end-products, lactate and alanine

One interesting finding was that there was no clear evidence that raapsulation
is toxic to the hepatocytes as supported by the fact that there was no diffetereantibe
3-NTP EFigure4-2B) or pH (Figure 4-4B) time courses of barium or calcium encapsulates,
and both treatments survive the perfusion for the same period of time. Calcium was used for

the other oxygen treatments since previous alginate encapsulated biodrtiécsasystems
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more commonly used calcium (59,71), and potential barium toxicities could be avoided.
Although calcium is an extremely potent intracellular secondary messéogecalcium

and barium have such high affinities for the carboxylate groups that theyadnectg|
unavailable, or the encapsulate would lose integrity and disintegrate.

Many extracorporeal bioatrtificial liver systems use 95% oxygen, anddogped are
purported to have survived for weeks (20,47,124). This is likely due to the larger diffusion
distances of these bioreactors and the ability for the hepatocytes that survirgahe i
hyperoxic stress and move within the bioreactors to a region of optimal oxygen
concentration, as it is well known that hepatocytes can move via philopodia (125). For
example, rat hepatocytes grown in a multicoaxial bioreactor (63), weresbonigrate and
form organoid structures at an optimal distance from the oxygen sourceseafieal days of
culture (121). Although the NMR-compatible coaxial bioreactor design mairgains
homogeneous diffusion distance and has been shown to maintain hepatocyte viability for
weeks (121), the amount of biomass is much less than the encapsulation and suspension
bioreactors and therefore, the temporal NMR spectral resolution will neven that of the
fluidized-bed bioreactor (7) and therefore, generates inferior kineaq@able 1).

The suspension bioreactor suffers the worse mass transfer being packed in a 5 mm
NMR tube with a diffusion distance of ca 30 mm from the cell mass surface to the bottom of
the NMR tube (5,40,49,50). However, the suspension BAL has the most biomass resulting in
the best signal-to-noise ratio and excellent spectral resolution and liné$hbpeel). In
addition, these have utilized air, or 20% oxygen. From our results, 20% oxygen did not
permit full recovery of the R-NTP. In addition, reports of bioartificial livewsing with

20% oxygen require diffusion distances less than 200 um (99,121,122). There has never been
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a NMR-compatible bioreactor published that utilizes liver cells with marars. This is
most likely due to aggregation of cells caused by cell-to-cell surface gitidiough
calcium-dependent adhesion molecules causing channels to form betweentaggreda
resulting in large diffusion distance (unpublished results). In fact, liver sphartbures
depend on this aggregation effect to be formed (63), and to avoid this, spheroids (44) and
microcarrier (45) are typically immobilize in a packed-bed bioreactor|&iboi this study,
the agarose thread encapsulation BAL (51-57) and a packed-bed biorea&0)y (3&e a
sufficient®P NMR signal with 15 min temporal and similar spectral resolution as shown in
figure 2C. However, channels can form with gel threads and a packed-bedtbioféd)and
in addition, the diffusion distance was about 0.5 mm (52) and 1 mm (59). The NMR-
compatible BAL study, using a coaxial membrane bioreactor, compared twadbarsewith
0.2 and 0.5 mm diffusion distance and found that only the former bioreactor maintained
viability (7). The maximum diffusion distance for a BAL was found to be about 0.2 mm
(126). Therefore, due to the excessive diffusion distance, it may have been ndocassary
95% oxygen with these NMR-compatible gel thread and packed-bed bioredctolis),
but then hyperoxemia causing oxygen toxicity ultimately limits long-iesen

The fluidized-bed BAL described herein has enough biomass to yield a sufficie
signal-to-noise ratio in 30 mirfr(gur e 4-1B), yet maintains the maximum diffusion distance
of ca 0.2 mm resulting in the best characteristic of the various bioreacto(Tiés 1).
The oxygen studies showed that use of 35% or 55% oxygen was required to maintain
viability for the duration of the study, 28 hisigure 4-1B andFigure 4-2B), and likely
beyond. The bioreactor is versatile and designs have been constructed to fit caavénti

mm NMR probes, although a 10 mm NMR tube was used in this study. The life support
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system (44) and oxygen electrode permit defined gas concentrations srednrehitoring,
similar to other systems (45).

Although the hepatocytes were maintained for 28 hours with little change in the 3-
NTP peak areaHgure 4-2B), they exhibited a high degree of anaerobic glycolysis not
typical in liver. For example, the intracellular pHdure 4-4A) and sugar phosphates
(Figure 4-1B) were relatively similar to the 20% oxygen treatment rather than the 95%
oxygen treatment. Also, 100% of the consumed glucose could be accounted for by the
production rates of lactate and alanine. rh&lico oxygen concentration model confirmed
that the core of the encapsulates would be hypoxic with 35% oxizggur € 4-7B). The use
of oxygen carriers incorporated into the alginate matrix would likely permiigbef a
lower oxygen concentration closer to the 8% found in vivo (47), and eliminate the hypoxic
core of the encapsulate. However, the hepatocytes were viable for 28hr, sggadftrent
oxygenation. Higher concentrations of oxygen, such as 55%, was tested andesuoltlch a
higher level of oxygen toxicity than the 35% treatment, but still lactate was pob(kige4-
5C), indicating anaerobic glycolysis and hypoxia is still prevalent, or hepasoasgeacting
more undifferentiated.

In short, this is the first comprehensive study of oxygen treatment with NMR-
compatible BALs to determine conditions for long-term cultures. Soluble factors ggenox
carriers will likely help extend the viability and function of the hepatocyteseheny
certainly the diffusion distance is optimum with the fluidized-bed bioreactos. NiR-
compatible BAL will be an ideal model to test soluble and insoluble factors footogic

testing and regenerative medicine.
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5 Conclusions
51 FutureStudies
5.1.1 Problemsand changesto existing hardware (APAP sticking)

Of particular interest during the acetaminophen experiments was that diettte eaf
lack thereof, of the three doses. Normally a concentration of 25-50 mM is ektrexic to
rat hepatocytes and although JM1 cells have not previously been known to have significant
cytochrome P450 activity, some degree of APAP metabolism was expecteavéipthere
were no signs of hepatotoxicity or xenobiotic metabolism in any of the APAif&ets.
Further investigation of the media revealed that the actual concentratiensf mM
control dose was only 7.8 mM. This was mainly due to binding with albumin that is present
in the fetal bovine serem that is added to the media. In addition, the concentration of APAP
upon exiting the gas exchange module and was even less (0.5 mM). A possible reason for
this significant reduction in concentration could be attributed to acetaminophen kdimding
the silastic tubing in the GEM, just as the silica tubing in HPLC columns has been taow
react with xenobiotics causing them to bind. Future xeniobiotic studies will inetepor
drug injection port directly between the GEM and bioreactor loop. This will enable the
bypass of the silastic tubing inside the GEM and ensure the full desired catiocardf

xenobiotic to be administered to the cells within the bioreactor.



5.1.2 Pulse sequence and elimination of media signal (Softwar e)

Another factor introduced by perfusion of media in the fluidized-bed bioreactor is
motion, both that of the media and that of the percolating beads. NMR samples dye usual
comprised of urine, serum, proteins and other stationary mediums. These are prépared w
known concentration of a standard such as TSP and then sealed within an NMR tube. The
NMR tube is then inserted into the probe and spun to ensure a homogenous magnetic field is
obtained. This is not the case with NMR-compatible bioreactors because the sanmuit
be spun and media is also being constantly perfused within the NMR tube. This constant
motion causes problems during the acquisition of the signal coming from the lwgreach
as reduced resolution and loss of signal. One of the ways to address this issukzis to ut
custom pulse sequences to provide a gradient that will suppress the effegnofitre
Moment nulling gradient waveforms can accomplish refocussing of spins moving with
constant velocity, acceleration, and/or higher orders of motion. Futher intiestigéo
modified pulse sequences and their effect on the motion experienced in the NMRHglempat

fluidized-bed BAL will be conducted to improve the resulting NMR spectra.

5.1.3 Calibration of in vivo data (Extracts)

As mentioned previously, a known concentration of a standard is usually utilized to
determine the actual concentration of the metabolites of interest in an NMResarhe
NMR-compatible fluidized-bed BAL does not utilize a standard therefore therdetgion
of metabolite concentrations is not straightforward. A means of obtaining thentratioas
is provided by analyzing the cell extracts from the experiment howesgdsthaidestructive

process therefore this cannot be conducted until the experiment has been terminated. Ce
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extracts were obtained from the experiments conducted in this research gndjeal|
therefore be processed to back calculate the actual in vivo concentrations ofahe vari

metabolites of interest. This data will be provided in a future publication of saanah.

5.1.4 Dataanalysisand metabolic model

One of the main benefits of a fluidized-bed bioreactor is that it attainsnumaxmass
transfer of nutrients compared to the other types of NMR-compatible biore&tiestions
regarding mass transfer in encapsulations in this form of bioreactor should be furthe
explored through modeling. The toxicokinetic experiments of Chapter 3 demonstrate the
power of the fluidized-bed BAL in that this is the first time 1-min tempostlion has
ever been attained with real-time, in-vivo NMR. This resolution enabled the capthee
dynamic feedback mechanism of glutathione regulation and the increaseddlokitat
resynthesis after a toxic reduction with bromobimane. Mathematheticalingpdeone-
carbon metabolism of glutathione has been conducted by Reed et al. (127) coofstaegng
transsulfuration pathway, and glutathione synthesis, transport, and breakdown. The model is
based on known properties of the enzymes and the regulation of those enzymes by oxidative
stress. They explored the half-life of glutathione, the regulation of glotetlsynthesis, and
its sensitivity to fluctuations in amino acid input. As is usually the case with mos
mathematical models, numerous assumptions had to be made due to the lack of experimenta
data to validate the model. However, this is no longer the case as the expédatarftam
the bromobimane experiment can now be utilized to validate the model and in turn, the
model can provide ‘what-if’ scenarios that truly reflect the biologicallmarisms of

glutathione regulation. A future collaboration with Dr. Reed and Dr. Nijhout isdl @nhable
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additional experiments to be designed and simulated to predict outcome with aglyific

increased accuracy prior to conducting the study.
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